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ABSTRACT 


The  final  annual  report  of  a  three -year  program  concerning  basic  factors 
controlling  the  oxidation  behavior  of  high  temperature  protective  coatings  for 
graphite  is  presented. 

The. work  includes:  the  permeability  of  A1203,  Zr02  in  contact  with  ZrB2, 
and  ThOz  in  contact  with  ZrB2  to  oxygen;  the  iridium-carbon  eutectic  tempera¬ 
ture;  the  thermal  expansion  of  ZrB2,  HfB2,  and  various  composites  of  ZrB2 
and  HfB2  with  one  of  the  rare  earth  hexaborides,  CeB$,  YB*,  or  LaBf;  the 
deposition  of  ZrB2  on  graphite  via  the  decomposition  of  ZrtBH*)*;  the  diffusion 
of  carbon  in  zirconium  monocarbide  and  zirconium  diboride;  a  review  of  the 
literature  concerning  the  vapor  species  in  the  iridium -oxygen  system  and 
mass  spectrometric  studies  involving  the  dissociation  of  CaZr03  at  tempera¬ 
tures  to  1600®C  and  HfSiO*  at  temperatures  to  2000°C, 
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I.  INTRODUCTION 


The  severe  operational  requirements  ol  missiles  and  space  vehicles 
require  structural  components  that  must  withstand  temperatures  of  2000° C 
and  higher.  Graphite,  because  of  its  exceptional  high  temperature  strength 
and  stability,  is  extensively  used  for  aerospace  applications.  In  oxidizing 
atmospheres,  however,  graphite  must  be  protected  from  oxidation.  Silicon 
carbide  coatings  are  now  available  which  will  give  adequate  protection  for 
substantial  time  periods  at  temperatures  to  1700°C.  The  present  research 
program  was  aimed  it  finding  materials  which  may  afford  protection  for 
graphite  to  2200®  C. 

To  achieve  this  goal,  fundamental  information  concerning  various  factors 
which  control  the  oxidation  protection  of  graphite  has  been  sought.  As 
illustrated  in  Figure  1,  there  are  several  factors  which  should  be  considered 
in  se  acting  a  protective  coating  for  graphite.  The  coating  must  be  mechani¬ 
cally  and  chemically  compatible  with  bed.  graphite  and  oxygen,  it  must  have 
a  low  volatility,  and  it  must  prevent  diffusion  of  oxygen  inwards  and  of 
carbon  outwards. 

OXYGEN  IN  VOLATILITY 


Figure  1.  Factors  Controlling  the  Oxidation  Protection  of  Graphite 


This  report  describes  the  third  and  final  year  of  research  directed 
toward  evaluating  coating  materials  for  the  oxidation  protection  of  graphite 
at  temperatures  to  2200°C.  Specifically,  it  deals  with  studies  of  the  per¬ 
meation  of  oxygen  through  oxides,  the  mechanical  compatibility  of  potential 
coating  systems,  the  diffusion  of  carbon  thxough  refractory  carbides  and 
diborides,  the  ga  ScouS  oxides  of  iridium,  and  the  dissociation  of  mixed 
oxides  at  high  temperatures. 


H.  SUMMARY 


1.  PREVIOUS  WORK 

A  reviev  of  the  previous  state  of  the  art  concerning  protective  coatings 
for  graphite,  a  description  of  the  basic  factors  controlling  the  oxidation 
protection  of  graphite,  and  a  review  of  existing  information  on  the  diffusion 
of  oxygen  and  carbon  through  coating  materials,  the  volatility,  the  chemical 
stability,  and  the  mechanical  compatibility  of  coating  materials  were  pre¬ 
sented  in  report  number  ML-TDR-64- 173,  Part  I,  released  for  publication 
June  1964.  It  was  concluded  that  a  considerable  amount  of  research  was 
needed  to  evaluate  coating  materials  for  the  protection  of  graphite  from 
oxidation  at  temperatures  of  2000° C  or  higher. 

A  comprehensive  program  to  provide  fundamental  information  concerning 
various  factors  controlling  the  behavior  of  protective  coating  systems  for 
graphite  at  temperatures  to  2200*C  and  the  research  effort  for  the  first  year 
of  this  program  are  described  in  ML-TDR-64- 173,  Part  II,  covering  the 
period  1  June  1963  to  31  May  1964.  The  work  includes:  the  evaporation  of 
iridium  in  the  presence  of  oxygen  and  water  vapor  to  temperatures  of  1300*C; 
the  results  of  studies  involving  carbon  diffusion  through  ixldium  and  rhodium 
and  of  oxygen  diffusion  through  Zr02,  Hf02,  and  Th02  at  temperatures  to 
2000°C;  the  coating  of  graphite  with  iridium  and  the  reactions  of  iridium  and 
rhodium  with  ZrB2,  HfB2,  ZrC,  HfC,  and  ThC2;  the  kinetics  of  the  carbo- 
thermic  reduction  of  Zr02,  Hf62,  and  Th02  to  temperatures  in  excess  of 
2000°C;  the  hemical  reactions  of  graphite  with  ZrB2  and  HfB2;  and  arc 
plasma  oxidation  tests  of  iridium  coated  graphite.  The  practical  implications 
of  the  experimental  results  are  also  discussed. 

The  research  effort  for  the  second  year  of  the  program  was  presented  in 
ML-TDR-64-173,  Part  HI,  coveri|^g^3£  period  1  June  1964  to  31  May  1965. 
Work  presented  includes:  the  oxi^3%^H^Sinetics  of  iridium  and  rhodium;  the 
permeability  of  ZrSiO,*,  Zr02,  Th02,'r^OT203,  and  BeO  to  oxygen;  an  investi¬ 
gation  of  the  iridium-carbon  system  by  means  of  high  temperature  X-ray 
diffraction  techniques,  the  deposition  of  iridium  on  graphite  and  the  volatility 
of  Hf02,  Zr02,  Th02,  YhZrO*,  SrZrOj,  BaZr03,  ZrSi04,  and  HfSiO*  in  the 
presence  of  water  vapor;  the  kinetics  of  the  carbothermic  reduction  of  Zr02, 
ThOz,  HfOz,  ThZrC>4,  and  HfSi04;  the  kinetics  of  the  reaction  of  Zr02,  H£02, 
and  ThOz  with  ZrC,  HfC,  and  ThC2,  respectively;  the  chemical  reactions  of 
Hf02,  Zr02l  Th02  with  HfB2  and  ZrB2;  initial  work  on  carbon  diffusion 
through  diborides  and  carbides;  and  the  mechanical  compatibility  of  compo¬ 
nents  of  multilayer  coatings  for  graphite.  Practical  implications  of  the 
research  results  are  also  presented. 
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2.  RESEARCH  RESULTS 


A  summary  of  the  results  of  the  final  year  effort  (1  June  1965  to  31  May 
1966)  of  the  program  is  included  in  the  following  sections. 

a.  Permeability  of  Various  Aluminum  Oxides  to  Oxygen 


Oxygen  permeability  measurements  have  been  made  on  various 
commerical  polycrystalline  aluminas  and  on  single  crystal  sapphire  over  the 
temperature  range  1700°  to  2000°C.  In  polycrystalline  material,  the  permea¬ 
bility  is  a  strong  function  of  crystallite  size  and  purity.  At  1900°C,  the 
permeability  constant  Pi  [g  cm'1  sec'1]  to  50  torr  of  oxygen  ranged  from 
1  x  10 "10  to  1  x  10"8,  the  activation  energy  ranged  from  105  to  135  kcal,  and 
the  permeability  varied  with  the  one -fourth  power  of  the  oxygen  pressure. 

In  single  crystal  sapphire,  the  permeability  was  below  the  detection  limit. 

At  2015aC,  Pi  of  sapphire  is  less  than  4  x  10"13  g  cm"1  sec"1. 

b.  Mechanical  Compatibility  of  Iridium  With  Graphite 

The  iridium-carbon  eutectic  temperature  was  redetermined:  melting 
occurred  in  the  2250°  to  2280°C  range.  The  presence  of  metallic  impurities 
{one  percent  Fe  and  trace  quantities  of  Si,  Cr,  Ni,  and  Ai)  lowered  the 
melting  point  to  2110°C. 


c.  Mechanical  Compatibility  of  Multilayer  Coatings  With  Graphite 
(1)  Thermal  Expansion  Messurements 

The  thermal  expansion  of  ZrB2,  ZrB2-CeB$,  ZrB2-LaB£,  ZrB2-YB£,  and 
an  experimental  grade  of  graphite  was  determined  in  the  range  900°  to 
2000°  C.  The  thermal  expansion  of  78  percent  dense  ZrB2  is  in  agreement 
with  existing  expansion  information  for  single  crystal  ZrBz.  Values  for 
thermal  expansion  of  HfE2,  HfB2~CeB£,  HfB2-LaB£,  and  HfB2-YB6  also  were 
determined  in  the  temperature  range  900°  to  2000° C.  The  thermal  expansion 
of  76  percent  dense  HfB2  .s  in  agreement  with  values  obtained  from  existing 
data  for  single  crystal  HfB2. 

The  thermal  expansion  of  all  the  borides  investigated  exhibited  a  close 
match  with  that  of  an  experimental  grade  of  graphite.  Curves  showing  the 
linear  expansion  as  a  function  of  temperature  are  presented. 

ZrC -coated  graphite  and  HfC -coated  graphite  exhibited  excellent 
thermal  shock  resistance  when  cycled  from  25°  to  2000° C. 
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(2)  Coating  Experiments 


As  a  precursor  to  the  vapor  deposition  of  ZrB2  on  graphite,  the  thermal 
decomposition  of  zirconium  borohydride,  ZrfBH*)*,  was  investigated  in  the 
400*  to  800* C  range.  At  low  temperatures  (<600*C),  the  decomposition 
products,  zirconium,  boron,  and  hydrogen,  were  detected  in  quantities 
consistent  with 


ZrfBR*)*  —  Zr  -  8H2  +  4B  . 


Above  600° C,  ZrB2,  H2,  and  B2H$  were  detected  among  the  decomposition 
products. 

A  1-mil  coating  of  ZrB2  on  an  experimental  g*-ade  of  graphite  (one 
matching  the  thermal  expansion  of  the  diboride)  remained  dense  and 
adherent  even  after  thermal  cycling  severai  .iraes  between  40Q"C  and 
2000°  C.  The  zirconium  diboride  coatings  formed  on  Union  Carbide 
Corporation  Grades  ATJ  and  ZTA  graphite  were  found  to  exhibit  poor  ad¬ 
herence  and  large  macrocracks  when  cooled  from  1750* C  in  the  deposition 
experiments. 


d.  Carbon  Diffusion  Studies 


The  volume  diffusion  coefficient  of  carbon  in  ZrC  is 


1.  62  x  102  exp  (- 


113,200 

RT 


)  cm2/ sec. 


The  "apparent"  diffusivity  for  diffusion-controlled  phase  boundary  motion 
is  about 


2.  4  exp  { - 


86, 000 
RT 


)  cm2/  sec 


and  is  probably  the  value  which  should  be  used  in  calculating  the  flux  of 
carbon  through  a  zirconium  carbide  barrier  layer. 


e.  Studies  on  Multilayer  Coatings  -  Oxygen  Permeability 


Both  calcia-  and  yttria- stabilized  zirconia  tubes  were  coated  with  ZrB2 
to  determine  the  effect  of  the  latter  on  the  permeability  of  ZrOz  to  oxygen, 
i.  e. ,  the  permeability  of  a  multilayer  coating  to  oxygen.  The  calcia- 
stabilized  zirconia  tubes  wer  *  destabilized  during  heat  treatment  in  the 
presence  of  ZrBj,  and,  as  result,  either  shattered  or  developed  leaks. 

Yttria -stabilized  zirconia  was  not  destabilized  but  became  oxygen  deficient 
and,  as  a  result,  exhibited  a  great  affinity  for  oxygen.  After  complete 
reoxidation  of  the  tubes,  and  simultaneously,  oxidation  of  the  ZrB*  coating, 
the  permeability  of  the  yttria- stabilized  tubes  was  found  to  be  identical  with 
the  permeability  determined  on  the  same  tubes  prior  to  the  coating  application. 

Oxygen  permeability  measurements  were  also  carried  out  on  thoric.  tubes 
coated  with  ZrB^.  Initially,  a  threefold  increase  in  permeability  over  that  of 
uncoated  ThO*  was  detected;  however  the  permeability  decreased  to  that  of 
the  uncoated  thoria  after  continued  exposure  to  oxygen.  The  permeability 
increase  is  attributed  to  an  oxygen  deficiency  caused  by  the  vacuum  sintering 
of  the  ZrB2  coating  on  thoria. 

f.  Oxidation  of  Iridium  -  Gaseous  Oxides  of  Iridium 

As  a  portion  of  the  subcontract  work  on  iridium  oxidation  performed  at 
Rice  University,  a  critical  review  of  the  literature  concerning  the  vapor 
species  in  the  iridium- oxygen  system  is  presented  in  Appendix  A.  Apparently, 
three  and  possibly  four  gaseous  oxides  of  iridium  are  present:  Ir03,  Ir02> 

IrO,  and  lr203;  Ir03  apparently  is  the  major  species  at  low  temperatures  and 
IrOj  and  IrO  became  significant  above  2000*  K.  The  lr203  (g)  is  probably 
formed  exotkermally  and  is  usually  a  minor  species;  however,  at  high  02 
pressures  and  low  temperatures,  it  is  possible  for  lr203  (g';  to  be  the  major 
species. 


g.  Vaporization  of  Mixed  Oxides  at  High  Temperatures 


This  portion  of  the  program  (Appendix  B)  also  was  subcontracted  to  Rice 
University.  The  vaporization  of  CaZr03  was  investigated  at  temperatures  to 
1600°C  with  the  aid  of  a  Bendix  time-of-fLight  mass  spectrometer.  The 
vaporization  occurs  through  the  dissociation  of  CaZr03  into  gaseous  CaO  and 
solid  Zr02.  No  stable  CaZrOj  (g)  species  were  observed. 

The  vaporization  of  HfSiQj  was  investigated  at  temperatures  to  2000° C 
in  a  magnetic  mass  spectrometer.  In  this  case,  the  vaporization  occurs 
through  dissociation  of  HfSi04  into  SiO  and  Si02  gaseous  species  and  solid 
Hf02.  Again,  no  ternary  gaseous  oxide  molecular  species  were  detected  in 
this  study. 
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HL  PRACTICAL  IMPLICATIONS 


The  Practical  Implications  Section- is  presented  mainly  to  stimnlate  the 
application  of  program  findings.  The  interpretations  and  implications  may  in 
some  cases  be  somewhat  tenuous;  however,  they  may  motivate  others  to  use 
the  information  presented  here  for  the  solution  of  coatings  problems  in 
general. 


1.  SINGLE  LAYER  COATINGS  ON  GRAPHITE 


a.  Iridium  Coatings 

In  previous  reports,  single  layer  coatings  for  the  oxidation 
protection  of  graphite  have  been  adequately  discussed.  It  was  concluded  that 
iridium  was  the  only  single  component  material  that  would  offer  complete 
protection  of  graphite  from  oxidation  at  temperatures  of  2000* C  and  above. 
The  “life"1  of  the  coating  is  limited  by  its  rate  of  ablation  in  oxygen  and  not 
by  the  inter  diffusion  of  oxygen  and  carbon.  Temperature  limitations  are 
determined  primarily  by  die  carbon-iridium  eutectic  temperature,  which  in.  • . 
the  absence  of  impurities  is  cf  the  order  of  2250®  to  2280® C.  However, 
small  amounts  of  in-purities,  e.  g. ,  Fev  Si,  B,  can  lower  the  eutectic 
temperature  by  as  much  as  100*  to  1 50° C.  These  impurities  should  be 
carefully  excluded  if  iridium  coated  graphite  is  to  be  utilized  at  temperatures 
above  2100®C. 

b.  Single  Layer  Oxide  Coatings 

The  refractory  oxides  and  mixed  oxides  are  not  suitable  for  use  as  a 
coating  directly  on  graphite  when  protection  over  an  extended  period  of  time 
is  desired.  As  already  discussed  in  previous  reports, rapid  carbotLermic 
reduction  reactions  limit  the  practical  use  of  a  single  layer  coating  on 
graphite  to  only  a  few  minutes.  For  this  reason,  the  oxides  should  be  con¬ 
sidered  primarily  for  applications  in  a  multilayer  coating  system  where  a 
reaction  barrier  separates  the  oxide  coating  from  the  graphite  substrate. 

2.  MULTILAYER  COATINGS  ON  GRAPHITE 

The  concept  of  a  multilayer  coating  consists  of  an  outer  layer  of  a 
refractory  oxide  which  acts  as  an  oxygen  barrie'r;  the  oxide  is  prevented 
from  reacting  with  the  graphite  substrate  by  means  of  an  intermediate  layer, 
which  may  consist  of  a  refractory  carbide,  a  refractory  boride,  or  of 
iridium.  The  intermediate  layer  also  serves  to  retard  the  outward  diffusion 
of  carbon  to  the  oxide  coating.  The  multilayer  coating  concept,  therefore. 
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rvqmien  consideration  of  the  chemical  and  mechanical  compatibility  of  the 
intermediate  layer  materials  with  the  graphite  substrate  and  wife  fee  refrac¬ 
tory  oxides  (outer  layer);  consideration  of  the  oxygen  permeability  through 
fee  refractory  oxides;  and  consideration  cf  the  permeability  of  fee  intermediate 
layer  materials  to  carbon. 

a.  Chemical  Compatibility  of  Refractory  Oxides  wife  Refractory 
Carbides,  Borides,  and  Iridium 

The  chemical  stability  of  ThOj,  ZrC>2,  and  HfO^  with  respect  to  various 
borides  and  carbides  has  been  discussed  extensively  in  a  previous  report.  (2) 
Briefly,  ThO*  was  found  to  be  stable  against  both  ZrBj  and  HfBz  at  all  tempera¬ 
ture  s  to  2200*  C.  Similarly,  there  was  no  reaction  between  ZrO*  and  ZrBj 
and  between  HfO^  and  HfB*.  This  stability,  however,  refers  only  to  the 
absence  of  phase  changes  detectable  by  X-ray  diffraction.  Minor  reactions 
leading,  e.  g. ,  to  an  oxygen  deficient  oxide  can  occur.  These  reactions 
would  not  be  expected  to  lead  to  structural  coating  failure  and  their  signifi¬ 
cance  is  discussed  below  in  the  section  on  oxygen  diffusion. 

The  refractory  carbides,  ZrC  and  HfC,  were  found  to  react  with  Th02, 

Z-tGz,  and  HfOz.  v-S  However,  in  a  closed  system,  the  reaction  leads  to  an 
equilibrium  and  comes  to  a  stand- still  when  fee  partial  pressure  of  CO  attains 
values  in  fee  order  of  10~-  mm  of  mercury.  Is  a  coating  system,  CO  formed 
at  the  oxide-carbide  interface  should  have  little  or  no  chance  to  escape;  the 
use  of  ZrC  or  HfC  as  intermediate  barrier  material  appears  therefore  feasible. 

Iridium  is  nonreactive  with  respect  to  both  graphite  and  the  refractory- 
oxides  and  may,  therefore,  be  used  advantageously  as  a  barrier  material. 

Since  the  outer  oxide  coating  would  retard  both  the  oxidation  and  evaporation 
of  iridium,  the  barrier  layer  could  be  made  much  thinner  than  a  single 
layer  iridium  coating. 

b.  Mechanical  Compatibility 

The  adherence  of  a  protective  coating  on  graphite  will  depend  strongly 
on  the  extent  to  which  the  coating  and  substrate  are  mechanically  compatible. 

To  obtain  good  coating  adherence,  it  is  necessary  to  match  the  thermal 
expansions  of  the  various  components  of  the  coating  system. 

An  exact  definition  of  what  constitutes  am  expansion  "pair"s  i.  e. ,  a 
compatible  coating  and  substrate,  is  difficult  to  obtain.  3cth  should  be 
isotropic  and  the  difference  in  their  thermal  expansion  should  be  minimal. 
According  to  R.  A.  Howard  and  E.  L.  Piper,  '3'  "General  tests  of  several 
materials  and  substrates  imply  that  the  optimum  performance  is  attained 
when  the  coating  is  under  moderate  compression,  i.  e. ,  the  thermal  expan¬ 
sion  of  the  substrate  should  be  equal  to  or  slightly  higher  than  that  of  the 
coating." 


Howard  and  Piper  demonstrated  that  silicon  carbide  coatings  (CTE  range 
4.  4  to  5.  9  in/in/^C}'*'  are  perfectly  compatible  with  RVC  isotropic  graphite 
(CTE  range  4.  5  to  6.  0  in/in/°C)'3',  but  will  crack  when  applied  to  ATJ 
graphite  {CTE  Z.  Z  x  10"6  in/ia/“C  with  grain  and  3.42  x  10~6  in/in/“C  across 
grain),  (s)  A  number  of  RVC  samples  with  various  CTE's  were  coated  with 
SiC  and  thermally  cycled  without  coating  failure,  indicating  that  at  least  a 
15  percent  mismatch  CTE  is  tolerable  and  that  possibly  as  much  as  30 
percent  is  acceptable.  In  similar  experiments  with  silicon  carbide  coated 
ATJ,  the  coatings  failed;  however,  in  this  case,  there  is  a  50  percent  mis¬ 
match. 

The  information  gained  concerning  the  thermal  expansion  behavior  of 
ZrB2  and  HfBz  containing  rare-earth  additives  (CeB^,  YB6,  and  LaB6)  allows 
one  to  predict  that  severe  mechanical  compatibility  problems,  due  to  thermal 
stresses,  will  not  be  encountered  with  these  materials  on  high  CTE  graphite 
(5  to  6  x  lO"6  in/in/“C).  The  rare-earth  oxide  formed  on  oxidation  of  the 
boride  composites  should  serve  to  stabilize  the  Zr02  or  KfOz  and  thus  enhance 
its  thermal  shock  resistance. 


c.  Stability  and  Volatility  of  Oxides 

An  oxide  coating  which  is  to  function  properly  as  an  oxygen  barrier  must 
be  stable  and  of  reasonably  low  volatility.  Thoria,  alumina,  stabilised 
zirconia  and  stabilized  hafnia  fulfill  these  conditions.  The  use  of  some 
mixed  oxides,  however,  should  be  considered  only  with  caution.  Zirconium 
silicate  was  found  to  decompose  and  to  soften  in  the  1700-1 750“ C  tempera¬ 
ture  range.  Mass-spectrometric  investigations  have  shown  that  HfSiO* 
decomposes  to  gaseous  SiO  and  Si02  and  solid  Hf02.  Similarly,  CaZrOj 
dissociates  into  solid  Zr02  and  gaseous  CaO. 

d.  Permeability  of  Oxides  to  Oxygen 

In  the  multilayer  coating  concept,  the  primary  function  of  the  outer  oxide 
layer  is  to  act  as  an  oxygen  barrier.  The  permeability  of  the  oxide  to  oxygen 
is,  therefore,  of  critical  importance.  If  a  carbide  is  used  as  an  intermediate 
barrier  material,  then  oxygen  diffusing  through  the  coating  will  react  to 
form  carbon  monoxide  and  the  resulting  pressure  build-up  at  the  carbide- 
oxide  interface  will  ultimately  lead  to  coating  failure.  If  the  barrier 
material  consists  of  a  boride,  it  will  be  converted  to  B2Oj  and  the  respective 
metal  oxide,  again  leading  to  ultimate  coating  failure  when  the  reaction  has 
proceeded  to  a  point  where  the  barrier  material  can  no  longer  perform  its 

proper  function.  If  iridium  is  used  as  a  barrier  material,  oxygen  permeation 
through  the  oxide  layer  is  less  critical.  The  oxidation  of  iridium  leads  to  an 
equilibrium  and  should  cease  at  relatively  low  concentrations  (partial 
pressures)  of  the  iridium  o  ddes.  Since  the  iridium  oxides  cannot  escape  from 
the  interface,  an  iridium  barrier  layer  protected  by  a  dense  oxide  coating 
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should  last  almost  indefinitely.  Coating  failure  will  ultimately  occur  due  to 
carton  diffusion  through  iridium  and  the  buiid-up  of  CO  pressure  at  the  iridium- 
metsl  oxide  interface. 

Of  all  the  oxides  investigated,  single  crystal  alumina  exhibited  by  far  the 
lowest  permeability  to  oxygen.  Coatings,  however,  would  consist  of  poly¬ 
crystalline  alumina,  which  exhibits  oxygen  permeation  via  a  grain  boundary 
mechanism.  The  present  work  indicates  that  alumina  coatings  consisting  of 
Sc  grains  with  low  impurity  content  will  have  a  substantially  lower 
permeability  than  coatings  of  less  pure  alumina  and/or  small  grain  size.  At 
1800*C,  a  representative  value  for  the  permeability  of  a  10-mil  coating  of 
polycrystalline  alumina  to  50  torr  of  oxygen  is  4  x  I0“8  g  cm-2  sec-1  .  The 
oxygen  permeability  through  a  similar  coating  of  beryllia  is  less  than  1  x  10-8 
g  cm  sec*-1,  and  beryllia  appears,  therefore,  to  be  equal  or  somewhat 
better  tuan  polycrystallme  alumina.  The  oxygen  permeability  of  thoria, 
stabilized  zirconia,  and  stabilized  hafnia  is  higher  than  the  permeability  of 
polycrystalline  alumina.  At  1800*C,  the  permeability  of  a  10-mil  layer  of 
thoria  to  50  torr  cf  oxygen  on  one  side  and  10“3  torr  on  the  other  side  is 
3  x  1G"6  g  cm-2  sec-1.  The  corresponding  values  for  yttria  stabilized 
zirconia,  calcia-stabilized  zircozda,  and  calcia- stabilized  hafnia  are  1  x  10-5, 

5  x  1 0 md  6  x  10~°  g  cm-2  sec-1,  respectively.  The  oxygen  permeability 
in  thoria,  hafnia,  and  the  various  types  of  zirconia  was  not  affected  by  grain 
growth.  It  can,  therefore,  be  concluded  that  the  permeability  through  these 
materials  is  primarily  due  to  bulk  diffusion. 

me  exact  boundary  conditions  con  have  a  significant  influence  on  the 
oxygen  permeability,  particularly  in  oxides  such  as  ThOz,  HfOz,  and  Zr02> 
which  can  exhibit  significant  variations  from  stoichiometric  composition. 

At  1700*0  in  vacuo  or  an  inert  atmosphere,  coating  Zr02  with  ZrBj.  by 
sintering  causes  a  slight  (approximately  one  percent)  oxygen  deficiency  in 
the  oxide.  Similarly,  heating  ThOz  in  contact  with  Z rB2  at  1800*  C  in  vacuo 
also  resulted  in  a  slight  reduction  of  the  oxide,  although  the  extent  of  the 
oxygen  deficiency  could  not  be  determined.  The  oxygen  permeability  of  ZrB2- 
coated  ZrOz  and  ThG2  was  substantially  higher  than  that  of  the  uncoated 
oxides.  This  can  he  qualitatively  explained  on  the  basis  of  thermodynamic 
considerations.  The  equilibrium  oxygen  pressure  in  the  presence  of  ZrBj 
at  1509*C  is  cf  the  order  of  10-6  atmospheres  and  vacuum  sintering  results 
in  oxygen  deficient  oxides.  The  oxygen  vacancy  concentration  gradient  and 
the  oxygen  permeability  are  therefore  correspondingly  large  at  the  beginning 
of  the  permeation  experiments.  Under  dynamic  conditions,  that  is  when 
oxygen  is  permeating  through  the  oxide,  the  thermodynamic  equilibrium  con¬ 
siderations  no  longer  apply.  The  vacancy  concentration  gradient  is  then 
determined  by  how  faBt  oxygen  is  removed  by  reaction  with  ZrB^  The 
permeation  rate  decreases  with  time  but  remains  enhanced  as  long  as  some 
unreacted  boride  is  present.  Alter  complete  oxidation  of  the  ZrB2  coating, 
the  oxygen  permeability  is  identical  to  that  of  the  uncoated  oxides. 

The  effect  of  ZrB2  on  the  oxygen  perme  ability  was  far  more  severe  with 
Zr02  than  with  Th02.  This  was  expected,  since  Zr02  exhibits  wider  varia¬ 
tions  from  the  stoichiometric  composition.  The  Zr02  tubes  also  contained 
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approximately  eight  percent  Y203  or  stabilizer,  and  the  presence  of  yttria  may 
have  contributed  to  the  observed  results. 

Caution  must  therefore  be  exercised  in  using  oxygen  permeation  data. 

The  present  results  do  not,  however,  automatically  eliminate  the  use  of  ZrBj 
as  a  barrier  layer  on  graphite.  Under  dynamic  conditions,  the  oxygen  per¬ 
meation  rate  is  dependent  on  the  rate  of  removal  of  oxygen  by  reaction  with 
ZrBj.  This  depends  on  the  structure,  density  and  composition  of  the  ZrB2 
layer  as  well  as  on  the  structure  and  composition  of  the  oxidation  product. 

The  recently  developed  oxidation  resistant  ZrB2  and  HfB2  compositions  may 
well  be  suited  for  use  in  oxidation  protective  coatings  on  graphite. 

The  free  energies  of  formation  of  iridium  oxides  are  apparently  so  low 
that  the  use  of  iridium  as  a  barrier  layer  does  not  effect  the  stoichiometry  of 
the  refractory  oxides.  The  presence  of  iridium  should  therefore  have  no 
influence  on  the  oxygen  permeability  of  ZrC>2,  HfOz,  or  ThOz. 

e.  Carbon  Diffusion  Through  Intermediate  Layers 


The  function  of  the  intermediate  layer  is  to  prevent  the  reaction  of  the 
oxide  with  the  graphite  substrate.  The  rate  of  carbon  diffusion  through  this 
layer,  therefore,  needs  to  be  considered.  The  actual  rates  of  carbon  diffu¬ 
sion  will  again  depend  on  the  particular  boundary  conditions.  The  steady- 
state  rate  of  carbon  permeation  through  a  plane  sheet  of  thickness,  i  ,  whose 
surfaces,  x  -  0  and  x  =  1,  are  maintained  at  concentrations  Cj  and  C2,  respec¬ 
tively,  is  given  by 

J  =  D  C-i  ~-CX 

f 

For  ZrC  at  180Q~C,  in  the  absence  of  grain  boundary  enhanced  material 
transport,  D  =  1.  2  x  10“10  cm2/ sec  and  if  we  take  Cj  and  C2  as  those  concen¬ 
trations  for  ZrC  in  equilibrium  with  pure  carbon  and  carbon  saturated  metal, 
then  the  flux  through  a  one-mil  thick  coating  is  about  1.4  x  10-8  g/cm2-aec. 

If  the  grain  boundary  contribution  is  appreciable,  the  appropriate  diffusivity 
i~  about  1.2x10  ?  cm2/ sec  and  the  flux  is  larger  by  an  order  of  magnitude. 
The  permeability  of  an  iridium  coating  to  carbon  is  of  the  same  order  of 
magnitude,  i.  e. ,  a  one -mil  thick  iridium  coating  will  exhibit  a  permeability 
of  8  x  10“  g  cm-2  sec"1. 
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XV.  PROGRAM  MANAGEMENT 


Official  award  of  Contract  No.  AF  33(657) -11253  was  made  on  1  June 
1963  to  the  National  Carbon  Company  (renamed  the  Carbon  Products  Division 
of  Union  Carbide  Corporation  on  1  September  1963).  Union  Carbide  ,  as 
Prime  Contractor  .of  this  program,  is  to  provide  a  detailed  description  of 
the  major  parameters  controlling  the  oxidation  behavior  of  selected  protective 
coating  systems  for  graphite  at  temperatures  as  high  as  2200° C.  The  research 
■wag  carried  out  as  a  group  effort  with  Dr.  J.  M.  Criscione  as  Principal 
investigator  and  Technical  Coordinator. 

The  research  on  all  tasks  except  those  outlined  in  ML-TDR-64-173, 

Part  II,  was  performed  by  personnel  at  tbe  Union  Carbide  Corporation, 

Carbon  Products  Division,  Parma  Technical  Center. 

Research  on  tbe  oxidation  of  rhodium,  a  portion  of  the  research  on  the 
oxidation  of  iridium,  and  the  vaporization  of  compound  oxides  ^ere  subcon¬ 
tracted  to  Dr.  J.  L.  Margrave  at  Rice  University,  Houston,  Texas, 
beginning  1  January  1964. 

Captain  TV.  C.  Simmons  served  as  Project  Engineer  for  the  Air  Force 
Materials  Laboratory,  Research  and  Technology  Division. 


V.  OXYGEN  PERMEABILITY  STUDIES 


TASK  A3 -3 


1.  PERMEABILITY  OF  VARIOUS  ALUMINUM  OXIDES  TO  OXYGEN 


a.  Introduction 


Alumina  has  recently  received  much  attention  as  a  component  in  coating 
systems  for  the  high  temperature  oxidation  protection  of  graphite  and  refrac¬ 
tory  metals.  To  better  assess  its  value  as  a  barrier  to  oxygen,  information 
is  needed  regarding  the  rate  of  transport  of  oxygen  through  alumina  and  the 
influence  of  microstructure  and  purity  on  thiB  transport  rate.  Published 
data  on  the  diffusivity  of  oxygen  in  alumina  could  be  used  to  calculate  the 
oxygen  permeation  from  a  consideration  of  Fiok'B  first  law. 


P  = 


(1) 


where  P  =  the  permeability, 

D  =  the  diffusivity, 
and  fj£=  the  concentration  gradient. 

However,  since  the  concentration  gradient,  dc/dx,  is  generally  unknown  and 
since  D  is  not  necessarily  independent  of  dc/dx,  one  cannot  calculate  permea¬ 
bilities  from  the  measurements  of  the  diffusivity  alone.  The  results  of  direct 
oxygen  permeability  measurements  on  various  grades  of  alumina  are  reported 
here  for  the  purpose  of  evaluating  alumina  as  a  coating  material. 

b.  Experimental 

The  oxide  samples  were  in  the  form  of  impervious  tubes  closed  at  one 
end.  Their  imperviousness  was  frequently  checked,  and  all  reported  results 
are  on  tubes  which  showed  no  detectable  permeability  of  argon  at  any  of  the 
temperatures  of  the  investigation. 

The  experimental  procedizre  was  essentially  identical  with  th.it  previously 
reported.  (*>  2)  However,  it  was  found  that  graphite  susceptors  reacted  with 
alumina  forming  aluminum  oxicarbide  AI4O4C  W  ;  an  iridium  susceptor  was 
therefore  used  for  heating  the  sample.  The  change  in  susceptor  material 
also  reduced  the  background  pressure,  resulting  in  a  100-fold  increase  in  the 
sensitivity  of  the  measurements.  The  iridium  susceptor  was  coated  with  a 
three -mil  layer  of  ThO?  which  effectively  reduced  the  reaction  between 
iridium  and  oxygen.  Measurements  were  made  with  oxygen  either  on  the 
inside  or  on  the  outside  of  the  tube  while  the  other  side  was  being  continuously 
evacuated.  The  pressure  on  the  downstream  side  varied  between  IQ™2  and 
10 ”5  t.orr  depending  on  the  quantity  of  oxygen  permeating  through  the  tubes. 
Data  taken  with  oxygen  inside  the  tube  required  a  correction  for  the  small 
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("20  percent)  quantity  of  oxygen  which,  after  permeating  through  the  tube, 
reacted  with  the  iridium  susceptor  and  thus  escaped  measurement  in  the 
detection  system.  This  correction  was  determined  for  various  temperatures 
and  flow  rates  in  independent  calibration  runs.  Data  taken  with  oxygen  out¬ 
side  the  tubes  required  no  correction. 

To  obtain  the  maximum  sensitivity,  an  omegatron  mass  spectrometer 
was  used  for  detecting  permeation  rates  smaller  than  Pi  =  5  x  10“n  (gm/cm 
sec). 

(1)  Materials  Characterization 


(a)  COORS  PORCELAIN  Alumina 

The  samples  were  in  the  form  of  9-inches  long  x  3/8-inch  O.  D.  x  9/32-inch 
L  D.  impervious  alumina  tubes,  manufactured  by  the  COORS  PORCELAIN 
Company.  The  density  of  this  alumina,  determined  from  its  buoyancy  in 
water,  was  3.  74  gm/cm3.  Comparing  this  density  with  that  of  sapphire  (7) 

{3.  97  gm/cm3)  gives  a  porosity  of  approximately  six  percent.  The  manu¬ 
facturer’s  typical  chemical  analysis  is  given  in  Table  1  and  our  own  spectro- 
graphic  analysis  in  Table  2. 

TABLE  1 

TYPICAL  CHEMICAL  ANALYSIS  OF  COORS  PORCELAIN  ALUMINA 


Compouhd  Percent 


Ai203  99. 5 

Si02  0. 3 

CaO,  MgO,  Fe203  Balance 


TABLE  2 


SPECTROGRAPHIC  ANALYSIS  OF  COORS  PORCELAIN  ALUMINA 


Element 


Percent 


A1 

greater  than  0 

Si 

greater  than  0 

Fe 

0.  01  to  0.  1 

Mg 

0.  01  to  0.  1 

Mn 

0.  01  to  0.  1 

Ni 

0.  01  to  0.  1 

Cu 

0.  01  to  0.  1 

Cr 

less  than  0.  01 

V 

less  than  0.  01 

Ag 

less  than  0.  01 

Zn 

leas  than  0.  01 

Na 

less  than  0.  01 

Ti 

less  than  0.  01 

Photomicrographs  of  the  COORS  PORCELAIN  alumina  het  and  cold 
zones  are  shown  in  Figure  2  at  a  magnification  of  500  X.  No  secondary 
phases  are  present  in  agreement  with  the  high  purity  of  this  material. 
Keating  to  1800°C  caused  considerable  grain  growth  and  some  aggregation 
of  the  small  pores  into  larger  ones.  The  very  high  apparent  pore  volume 
in  the  photomicrograph  of  the  hot  zone  is,  however,  due  to  some  "pull-out” 
caused  by  polishing;  this  was  unavoidable  because  the  material  was  highly 
strained  and  extremely  brittle. 
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The  density  of  this  material  was  3.  73  gm/cm3,  corresponding  to  a  porosity 
of  approximately  six  percent. 

A  photomicrograph  (500  X  Magnification)  of  the  cold  zone  (as  received 
material)  is  shown  in  Figure  3a.  The  fine  grain  and  small  pore  size  are 
readily  apparent.  The  gray  areas  show  a  secondary  phase,  a  condition  which 
is  consistent  with  the  fact  that  this  material  is  only  95.  5  percent  pure.  The 
structural  changes  which  occurred  on  heating  to  1916®C  are  depicted  in 
Figure  3b,  a  photomicrograph  of  the  hot  zone  (500  X  Magnification). 


3a.  Cold  Zone  3b.  Hot  Zone 

Figure  3.  Photomicrographs  of  Cross  Sections  of  McDANEL  AV30  Alumina 
(500  X  Magnification) 
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The  grains  have  become  considerably  larger,  and  dost  t)f  the  small  pores 
have  combined  to  form  larger  ones.  The  light  spots  are  merely  reflection® 
from  pores  immediately  below  the  surface  and  do  not  depict  a  secondary  phase. 
The  broad  dark  lines  separating  the  grains  ire  not  cracks;  rather,  they 
result  from  the  various  grain  facets  polishing  at  different  rates.  Attention 
should  be  drawn  to  the  numerous  areas  where  small  crystals  can  be  seen 
completely  surrounded  by  pores.  It  is  possible  that  these  areas  depict  a 
congregation  of  impurities  and,  thus,  a  secondary  phase. 

(c)  McDANEL  A P 3 5  Alumina 

Impervious  alumina  tubes,  9-inches  long  x  ^/y-inch  O.  D.  x  9/ 32-inch  I.  D. , 
manufactured  by  the  McDANEL  Refractory  Porcelain  Company,  were  used. 

The  manufacturer’s  typical  chemical  composition  is  given  in  Table  5  and  the 
spectrograpbic  analysis  performed  at  this  Laboratory  in  Table  6. 

TABLE  5 


McDANEL  REFRACTORY  PORCELAP'  COMPANY’S  TYPICAL  CHEMICAL 

ANALYSIS  OF  AP35  ALUMINA 


Compound 

Pcrcsut 

alo* 

99. 

Si02 

.7 

MgO 

.07 

NazO 

-  05 

Fe205 

.07 

CaO 

.03 

The  manufacturer's  reported  density  was  3.  7  g/cm3  and  the  valne 
determined  at  this  Laboratory  by  the  water  buoyancy  technique  was  3.  81 
g/cm3.  Comparing  the  latter  density  with  that  of  sapphire  {3.  97  g/cm3) 
indicates  a  porosity  of  tour  percent. 


TABLE  6 


SPECTKOGRAPHIC  ANALYSIS  OF  McDANEL  AP35  ALUMINA 


Element 

Percent 

A1 

greater  than  0.  1 

£ 

greater  than  0.  1 

Mg 

0.  01  to  0. 1 

Na 

Q.  01  to  0. 1 

Fe 

0.01  to  0.  1 

B 

0.  01  to  0. 1 

Cn 

0.  01  to  3.  1 

Ca 

less  than  0.  01 

V 

less  than  0.  01 

Cr 

less  than  0.  01 

Ni 

less  than  0.  01 

Sn 

less  than  0.  01 

Ti 

less  than  0.  01 

Me 

less  than  0.  01 

Ag 

less  than  0.  01 

Zr 

less  than  0.  01 

Photomicrographs  of  the  hot  and  cold  zone  cross  sections  (Figure  4, 

50C  X  Magnification)  show  that  the  grains  have  become  larger  in  the  hot 
zone  and  that  the  pore  structure  has  also  changed;  most  of  .he  smaller  pores 
have  combined  to  form  larger  ones.  A  secondary  phase  present  in  the  cold 
zone  has  congregated  along  the  grain  boundaries  in  the  hot  zone.  The  white 
spots  are  pores  which  show  through  the  polished  alumina. 


(d)  McDANEL  997  Ahuruaa 


Impervious  alumina  tubes,  9 -inches  long  x  3/j-inch  O.  D.  x  ^/^-inch  L  D., 
manufactured  by  the  McDANEL  Refractory  Porcelain  Company,  were  used. 
The  typical  ccmpo si tion  as  reported  by  the  manufacturer  is  given  in  Table  7; 
a  9 erciquantitative  spectre  graphic  analysis  performed  at  this  Laboratory 
confirmed  the  high  purity  of  this  material. 

TABLE  7 


McDANEL  REFRACTORY  PORCELAIN  COMPANY'S  TYPICAL  CHEMICAL 

ANALYSIS  OF  GRADE  99?  ALUMINA 


Compound 

Percent 

Ai2G3 

oq  7 

SiOz 

.  05  to  .  1 

MgO 

.  05  to  .  1 

Na20 

.  005  to  .  05 

/-i 

•cezoJ 

.  03 

CaO 

.03 

Ga203 

.01 

B2Q3 

less  than  .  001 

CdO 

less  than  .  001 

MnO 

•  less  than  .  0007 

ZnO 

less  than  .  0005 

CuO 

less  than  .  u005 

Cr2Oj 

less  than  ,  0005 

v2o5 

less  than  .  0005 

The  manufacturer's  reported  density  was  3.  8  g /cm3  and  the  value 
measured  at  this  Laboratory  was  3.  86  g / cm3,  corresponding  to  a  porosity  of 
approximately  three  percent. 

Photomicrographs  of  the  McDANEL  O-V  alumina  hot  and  cold  zones  are 
shown  in  Figure  5  at  a  magnification  of  500  X.  The  grains  have  become 
larger  in  the  hot  zone  and  the  smaller  pores  have  combined  to  form  larger 
ones.  A  secondary  phase  present  in  the  cold  zone  has  congregated  in  pores 
and  grain  boundaries  in  the  hot  zone. 
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5b.  Hot  Zone 


Figure  5.  Photomicrographs  of  Cross  Sections  of  McDANEL  997  Alumina 
(500  X  Magnification^ 
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(e)  LINDE  Sapphire 


The  single  crystal  sapphire,  obtained  from  the  LINDE  Division  of 
Union  Carbide  Corporation,  was  of  theoretical  density  with  an  impurity 
content  {mainly  silica)  of  less  than  SO  parts  per  million. 

•A3/8_xnch  O.  D.  x  V^inch  I.  D.  x  4-inches  long  closed-end  tube  was  drilled 
from,  the  crystal.  Difficulties  encountered  in  drilling  the  sapphire  rod 
limited  the  length  of  the  sample  to  four  inches.  To  avoid  overheating  of  the 
Swagelok  connection  between  the  tube  and  vacuum  system,  the  sample  must 
have  a  length  of  n  least  eight  inches;  an  extension  tube,  joined  to  the  sapphire 
by  means  of  a  high-temperarure,  vacuum-tight  seed,  was  therefore  required. 
A  LUCALOX  tube  was  joined  to  the  sapphire  using  Code  1731  glass  sealing 
frit,  made  by  Corning  Glass  Works.  The  seal  was  vacuum  tight  and  service¬ 
able  to  1300°C. 

The  temperature  was  measured  by  sighting  down  the  inside  of  the  sample 
with  an  optical  pyrometer.  Since  sapphire  is  translucent,  sighting  through 
tiie  sapphire  onto  the  susceptor  had  to  be  avoided.  This  problem  was  mini¬ 
mized  by  coating  the  outside  of  the  sapphire  with  a  thin  layer  of  porous  high 
purity  alumina.  To  check  on  the  accuracy  of  our  temperature  measurements, 
the  sample  was  melted  after  we  had  made  our  permeability  measurements. 
Since  the  sample  melted  at  a  measured  temperature  of  2043° C  and  the  melting 
point  of  sapphire  is  2050° C  (®) ,  the  error  in  our  temperature  measurement 
was  very  small.  Figure  6  is  a  photograph  showing  the  sample  after  the  end 
of  the  sapphire  had  been  melted.  The  smaller  diameter  tube  is  the  sapphire 
sample  and  the  larger  one  is  the  LUCALOX  tube. 


c.  Results  and  Discussion 

(1)  Permeability  of  COORS  PORCELAIN  Alumina  to  Oxygen 

The  temperature  dependence  of  the  permeability  of  COORS  PORCELAIN 
alumina  to  50  torr  of  oxygen  is  shown  in  Figure  7,  and  is  expressed  by 

c *7  in2  -104,  000/RT.  .  . 

Pf  =  1.  57  x  10  e  (gm/cm  sec). 

Measurements  were  made  in  the  temperature  range  from  1745°C  to 
1830°C;  below  1745°C,  the  quantity  of  oxygen  diffusing  through  the  sample 
was  too  small  for  accurate  determination;  above  1830°C,  the  samples  became 
pervious. 
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Oxygen  pressure  dependence  measurements  were  attempted,  but  each 
time  the  sample  developed  a  \eak  during  the  runs.  Altogether,  three  tv1 
were  c^ed  for  the  temperature  dependence  measurements.  Two  tubes 
developed  leaks  after  two  runs  each  and  could  not  be  used  further.  The  tnird 
tube  remained  impervious  for  eight  runs  and  then  also  developed  a  leak. 
Figure  3  shows  all  of  the  experimental  data  obtained  on  the  three  samples. 

The  numbers  beside  some  of  the  points  refer  to  the  runs  with  the  third  sample 
and  indicate  the  order  In  which  the  measurements  were  taken.  It  is  clearly 
evident  from  Figure  3  that  sample  number  3  tightened  up  considerably  on 
heating  to  1800°C  during  the  first  series  of  four  runs.  Runs  No.  1  to  4  were 
therefore  disregarded  in  drawing  the  permeability  curve. 


A  Sample  No.  1 
^  Sample  No.  2 
O  Sample  No.  3 

Figure  8.  Permeability,  P,  of  COORS  PORCELAIN  Alumina  to  Oxygen 
at  50  torr 
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(2)  Permeability  of  McDANEL  AV3C  Alumina  to  Oxygen 

The  temperature  dependence  of  the  permeability  constant  for  McDANEL 

AV30  alumina  at  50  torr  oxygen  is  drawn  in  Figure  9  and  given  by 

,  .c  ,  .3  -110, 000/RT  .  ,  . 

Pi  =  3.45  x  103  e  (gm/cm  sec) 

in  the  range  1700°C  to  1920°C.  The  numbers  beside  the  data  points  refer  to 

the  order  in  which  the  measurements  wer.e.  made. 

1  * 


Figure  9.  Temperature  Dependence  of  Permeability  Constant,  Pi,  of 
McDANEL  AV30  Alumina  to  50  torr  of  Oxygen 


As  shown  in  Figure  10,  the  McDANEL  AV30  alumina  exhibited  an 
oxygen  permeability  which  varied  with  the  .  36  power  of  the  oxygen  pressure. 


P0,  (TORR) 


Figure  10.  Pressure  Dependence  of  Permeability,  P,  of  McDANEL  AV30 
Alumina  to  Oxygen  at  1745°C 

(3)  Permeability  of  McDANEL  AP35  Alumina  to  Oxygen 

Due  to  grain  growth,  the  permeability  of  this  material  was  a  strong 
function  of  prior  heat-treatment  temperature,  i.  e.  ,  the  permeability 
decreased  rapidly  on  heat-treatment  to  above  1750°C.  This  phenomenon  had 
been  observed  on  other  types  of  alumina,  although  to  a  much  lesser  extent. 

Two  samples  of  this  material  v/ere  studied.  The  permeability  of  the  first 
sample  decreased  continuously  during  a  series  of  six  runs,  after  which  the 
tube  developed  a  leak.  No  meaningful  results  can  be  reported  on  this 
sample.  The  second  tube  was  heat  treated  for  several  hours  at  1750°C  to 
1800°C  before  the  diffusion  measurements  were  made.  Even  ♦’hen,  the 
measurements  were  poorly  reproducible;  the  scatter  in  the  data  points  is  too 
large  to  permit  calculation  of  an  equation  for  Pf;  the  results  _re  shown  in 
Figure  11.  The  squares  represent  measurements  with  oxygen  inside  the  tube 
and  the  triangles  represent  data  ta.;en  with  oxygen  on  the  outside  of  the  sample. 
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Figure  11.  Temperature  Dependence  of  Permeability  Constant,  Pi,  of 
McDANEL  AP35  Alumina  to  50  torr  of  Oxygen 


As  shown  in  Figure  12,  the  McDANEL  AP35  alumina  exhibited  an 
oxygen  permeability  which  varied  with  approximately  the  power  of  the 
oxygen  pressure. 
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P0,  (TORR) 


Figure  12,  Pressure  Dependence  of  Permeability,  P,  of  McDANEL  AP35 
Alumina  to  Oxygen  at  1745°C 


(4)  Permeability  of  McDANEL  997  Alumina  to  Oxygen 


Oxygen  permeability  measurements  were  made  on  polycrystalline 
alumina  grade  McDANEL  997,  a  high-purity,  low-porosity  material.  The 
permeability  was  again  found  to  be  a  very  strong  function  of  heat-treatment, 
time,  and  temperature.  During  one  week  of  continuous  heat  treatment  of 
1900° -1930°C,  the  permeability  constant,  Pf  (50  torr  of  oxygen),  decreased 
from  1  x  10  to  1  x  10"  gm/cm  sec  at  1915fiC*  ..Even  then,  the  permea¬ 
bility  was  still  decreasing;  however,  at  this  point,  the  sample  developed 
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a  leak.  The  two  orders  of  magnitude  drop  in  oxygen  permeability  is 
undoubtedly  related  to  the  pronounced  grain  growth  exhibited  by  this  material, 
as  shown  in  the  Materials  Characterisation  Section  of  this  report. 


(5)  Permeability  of  LINDE  Sapphire  to  Oxygen 


The  permeability  of  single  crystal  alumina  (sapphire)  to  oxygen  was 
investigated  using  the  omegatron  mass  spectrometer  as  a  detection  device. 

The  sample,  at  a  temperature  of  2015®C,  was  exposed  to  50  torr  of- oxygen 
for  three  hours,  and  no  detectable  oxygen  permeation  was  observed;  there¬ 
fore,  an  upper  limit  for  the  permeability  constant  can  be  calculated:  Pi  is 
less  than  4  x  10“13  gm/cm  sec  at  2015°C. 

d.  Conclusions 

Figure  13  shows  all  of  the  alumina  data  plotted  on  one  graph.  The 
MORGANIT-E  and  LUCALOX  data  from  the  Second  Summary  Report^2)  have 
been  added  for  completeness. 

The  rate  of  oxygen  permeation  through  polycrystalline  alumina  is 
determined  primarily  by  grain  size  and  purity.  High  purity  grades  have  the 
lowest  permeability  in  part  because  they  also  exhibit  more  pronounced  grain 
growth.  However,  the  activation  energy  determined  on  less  pure  grades 
is  lower  than  that  for  high  purity  material;  this  result  suggests  that,  in  the 
presence  of  substantial  amounts  of  impurities,  the  diffusion  mechanism  .  . 
even  at  1850°C  is  not  yet  entirely  determined  by  intrinsic  oxygen  ion  motion'  . 

The  effect  of  closed  pore  porosity  on  the  permeability  was  found  to  be 
negligible.  A  dense  grade  such  as  LUCALOX  exhibits  a  permeability  compara¬ 
ble  with  that  of  somewhat  porous  materials.  The  results  of  the  present 
study  may  be  compared  with  those  of  Oishi  and  Kingeryi10^  Extrapolating  the 
single  crystal  data  of  these  authors  to  2015°C  gives  a  diffusivity  of  approxi¬ 
mately  10"11  cm2  sec  .  Assuming  a  0.  1  percent  difference  in  oxygen  con¬ 
centration  between  the  high  pressure  ar.d  the  low  pressure  side,  one  would 
calculate  PI  for  sapphire  at  2015°C  to  be  of  the  order  of  10”14  gm/cm  sec, 
i.  e. ,  below  the  detection  limit  of  our  system.  The  permeation  rate  was 
indeed  too  small  to  be  observed.  Similar  calculations  for  polycrystalline 
alumina  yield  permeabilities  which  are  4  to  5  orders  of  magnitude  below  the 
experimentally  determined  values.  Fryer,  Budworth,  and  Roberts^11)  have 
attributed  this  discrepancy  to  the  existence  of  an  impervious  skin  on  the  outer 
or  inner  surface  of  the  alumina,  with  the  bulk  of  the  material  pervious  to  gas 
flow.  We  were,  however,  unable  to  detect  such  a  skin  on  our  samples. 
Moreover,  to  obtain  agreement  with  Oishi  and  Kingery,  the  skin  thickness 
would  have  to  be  of  the  order  of  10"4  to  10“S  cm,  orders  of  magnitude  less 
than  the  average  grain  size.  We  prefer  the  alternative  explanation  that 
impurities  segregating  at  the  grain  boundaries  provide  a  preferential  diffu¬ 
sion  path.  In  addition,  the  diffusivity  measured  in  the  presence  of  a 
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concentration  gradient  may  well  be  higher  than  that  determined  by  isotope 
exchange  experiments. 


Figure  13.  Temperature  Dependence  of  Permeability  Constant,  Pi, 
to  50  torr  of  Oxygen  for  Various  Grades  of  Alumina 


In  conclusion,  the  permeability  of  “ingle  crystal  alumina  to  oxygen  is  so 
low  that,  with  the  possible  exception  o*  oeryllia,  sapphire  appears  to  be  the 
best  oxygen  barrier  of  all  the  refractory  oxides.  The  permeability  of  poly- 
crystalline  alumina,  although  substantially  higher  than  that  of  sapphire,  still 
compares  favorably  with  the  oxygen  permeabilities  of  zirconia,  hafnia,  and 
thoria/1*2)  Thus,  alumina  deserves  increased  attention  as  an  oxygen  barrier 
in  coatings  for  refractory  metals  or  graphite  to  temperatures  up  to  2000° C. 
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VL  MECHANICAL  COMPATIBILITY  OF  IRIDIUM  WITH  GRAPHITE 
-  '  TASK  B 1-2 


1.  REDETERMINATION  OF  THE  IRIDIUM -CARBON  EUTECTIC  TEMPERATURE 

The  iridiUm- carbon  eutectic  temperature  was  redetermined.  For 
iridium  containing  approximately  0.  1  percent  Fe,  0.  05  percent  RE,  and 
traces  of  Si,  Cr,  Ni,  and  Ag  totaling  about  0.  02  percent,  the  eutectic  tempera¬ 
ture  was  found  to  be  between  2250°  C  and  2280°  C. 

The  experiments  were  done  with  commercial  (Engelhard  Industries) 
iridium  powder  that  had  been  fused  in  a  spectroscopically  pure  graphite 
crucible  at  2450® C  in  an  argon  atmosphere.  The  fused  button  was  sliced 
on  a  diamond  saw,  each  section  boiled  in  aqua  regia  and  hydrofluoric  acid, 
washed  with  distilled  water,  and  wrapped  in  plastic  until  used.  The  eutectic 
temperature  was  determined  by  packing  the  iridium  sample  in  spectroscopically 
pure  (Grade  SP-1)  graphite  powder  contained  in  a  graphite  capsule  of  like 
purity  and  heating  in  a  purified  graphite  tube  furnace  in  an  argon  atmosphere. 

A  new  iridium  specimen  was  used  for  each  run.  The  first  indications  of 
melting  (rounded  corners)  were  observed  after  the  sample  had  been  heated 
to  2250° C  and  held  there  for  three  hours.  Complete  melting  was  observed 
after  heating  to  2280° C  and  holding  at  that  temperature  for  three  hours.  The 
analysis  given  in  the  introductory  paragraph  was  obtained  on  the  sample  which 
had  been  heated  to  2250° C. 

A  piece  of  slurry-dipped  iridium  coating  was  similarly  packed  and 
heated.  Complete  melting  was  observed  when  the  sample  was  heated  to 
2150°C.  Semiquantitative  spectroscopic  analysis  indicated  an  iron  content 
of  approximately  1  percent  and  0.  1  percer*  each  of  Si,  Cr,  Ni,  and  Al. 

These  impurities  are  apparently  picked  up  during  the  preparation  of  the  slurry 
by  wet-milling  in  a  steel  mill  with  stainless  steel  balls. 

The  discrepancy  between  the  present  and  previous  ^  eutectic  temperature 
determination  is  probably  due  to  previously  insufficient  furnace  purification 
which  may  have  led  to  impurity  pick-up,  particularly  of  silicon  and  boron. 


VXL  MECHANICAL  COMPATIBILITY  OF  MULTILAYER  COATINGS 

WITH  GRAPHITE 


TASKS  C2-2  AND  D-3 


1.  THERMAL  EXPANSION 


The  adherence  of  a  protective  coating  on  graphite  will  depend  strongly 
on  the  extent  to  which  the  coating  and  substrate  are  mechanically  compatible, 
a  factor  controlled  largely  by  the  thermal  properties  of  the  coating  consti¬ 
tuents  and  substrate.  In  this  phase  of  the  program,  the  oxides  Th02,  Hf02 
and  ZrOz  and  the  carbide  and  diboride  of  hafnium  and  zirconium  are  being 
considered  for  components  of  multilayer  coatings  on  graphite. 

The  thermal  expansion  of  the  oxides  and  the  carbides  has  been 
adequately  investigated.  A  review  of  the  data  for  the  oxides  has  been  presented 
previously'2/;  a  review  of  the  carbide  data  is  included  here.  On  the  other 
hand,  the  thermal  expansion  data  for  the  diborides  were  derived  largely  from 
lattice  parameter  measurements  and  thus  pertain  to  single  crystals.  Poly- 
crystalline  materials  of  less  than  theoretical  density  could  conceivably  have 
considerably  different  thermal  expansion  coefficients  (CTE).  Bulk  thermal 
expansion  measurements  were,  therefore,  carried  out  in  this  phase  of  the 
program. 

In  addition  to  the  thermal  expansion  measurements  on  pure  ZrB2  and 
HfB2,  the  coefficients  of  thermal  expansion  of  HfB2  and  ZrB2  doped  with 
alkaline  earth  or  rare-earth  boride  were  determined.  These  additives 
make  it  possible  to  adjust  the  thermal  expansion  characteristics  of  the 
diborides  and  to  increase  coating  adherence  and  density. 


a.  Previous  Work  on  the  Thermal  Expansion  of  the  Carbide  and  Diborides 

The  thermal  expansion  of  hafnium  diboride  in  the  range  25"  to  2040° C 
has  been  recently  investigated  by  Keihn'12)  using  X-ray  diffraction  methods. 
Houska  and  Keplin^13)  by  the  same  techniques  measured  the  lattice  para¬ 
meters  for  ZrB2  in  the  range  25°  to  2040° C,  Using  the  data  reported  by 
these  investigators,  the  average  CTE  of  completely  dense  polycrystalline 
HfB2  and  ZrB2  was  calculated.  This  information  is  presented  in  Table  8. 


33 


TABLE  8 


COEFFICIENTS  OF  THERMAL  EXPANSION  OF  HfBj  AND  ZrB2, 
CALCULATED  FROM  LATTICE  PARAMETER  DETERMINATIONS 


Temperature 

CTE  of  HfB2te) 

CTE  of  ZrB2(“) 

°C 

in/in/ °C  x  106 

in/in/  *C  x  106 

25-  600 

6.4 

6.7 

600-1400 

8.3 

8.4 

1400-2000 

8.  3 

8.3 

The  most  recent  thermal  expansion  data  on  the  carbides  of  hafnium 
and  zirconium'14  »16  -18-'  are  shown  in  Figures  14  and  15  and  listed  in  Tajble  9. 
High  purity  fine  grain  graphites  are  now  available  from  many  sources  with 
CTE's  in  the  range  of  6.  8  {±2)  x  10-6/°C  {room  temperatures  to  1650* C)  with 
an  anisotropy  of  less  than  1.  2  units.  Figure  16  shows  an  upper  limit  for 
these  materials. 


Macklin,  B.A.,  Redmond,  J.  R. ,  "Development  of  Improved  Methods  of 
Depositing  Iridium  Coatings"  PR  1  AF33{6 15)-36l7 
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TABLE  9 


THERMAL  EX'.  ANSION*  OF  HfC  AND  ZrC 


Temperature,  °C 

CTE  of  HfC 
in/in/°C  x  106 

CTE  of  ZrC 
in/in/  °C  x  106 

25-  600 

6.  5 

6.  3 

600-1400 

6.  9 

7.4 

1400-2000 

7.  2 

8.  5 

From  Figures  1  and  2 
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Figure  16.  The^pnal  Expansion  of  High  CTE  Experimental  Graphites 

(Line  Shows  Upper  Limit  of  Presently  Available  Commerical 
_  Grades) 

D.  Experimental 

(1)  Materials  Characterization 

The  ZrB2  obtained  from  Gallard-Schlesinger  Chemical  Manufacturing 
Corporation  was  325  mesh  powder  containing  1.  04  percent  C  and  1.  16  percent 
O  as  major  impurities;  the  X-ray  diffraction  pattern  showed  ZrB2  and  an 
unidentified  impurity  phase. 

The  HfB2  was  prepared  from  HfH2  and  boron  (both  materials  99+  percent 
pure).  The  mixture  was  milled  and  slowly  heated  in  a  graphite  crucible  to 
2000° C  for  one  hour,  remilled  and  reheated  in  a  similar  manner;  an  X-ray 
diffraction  pattern  of  the  product  showed  hafnium  diboride  and  a  trace  of  HfC; 
the  HfC  intensity  was  less  than  that  of  a  previous  lot  of  HfB2  which  contained 
0.  36  percent  carbon. 

The  CaB6  was  reagent  grade  material  obtained  from  Fisher  Scientific 
and  showed  no  extraneous  phases  upon  X-ray  examination. 

The  CeB6  was  obtained  from  Cerac  Incorporated.  The  manufacture’ 
reported  a  99.  1  percent  total  Ce  plus  B,  only  CeB^  was  detected  by  X-r &\r 
analysis. 

The  LaB*  was  obtained  from  Gallard-Schlesinger  Chemical  Manufacturing 
Corporation;  their  analysis  reported  68.  0  percent  La,  31.5  percent  B,  0.  1 
percent  C,  0.  07  percent  O  and  0.  05  percent  Fe;  an  X-ray  diffraction  pattern 
of  this  material  showed  only  LaB6. 
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The  YB$  was  obtained  from  Cerac  Incorporated.  The  manufacturer's 
analysis  reported  42.4  percent  B  and  57.0  percent  Y;  an  X-ray  diffraction 
pattern  showed  a  major  phase  of  YB$  and  a  minor  amount  of  YB4. 

Samples  of  graphite  coated  with  ZrC  and  HfC  were  obtained  from  High 
Temperature  Materials,  a  Department  of  the  Carbon  Products  Division  of 
Union  Carbide  Corporation.  The  samples  were  prepared  by  passing  the 
metal  chloride  over  ATJ  graphite  at  1900°  to  2100eC  and  pressures  from 
5  to  10  torr. 

(2)  Preparation  of  Samples 

A  bench  scale  vacuum  hot  press  for  preparing  the  samples  for  thermal 
expansion  measurements  is  shown  in  Figure  17.  The  assembly  consists  of 
water-cooled  brass  bottom  and  top  plates,  a  vacuum  line;  an  optical  sight 
tube,  water-cooled  ram,  a  graphite  (Union  Carbide  Corporation  Grade  AGW) 
die,  graphite  (Union  Carbide  Corporation  Grade  ATJ)  plungers,  graphite 
felt  (Union  Carbide  Corporation  Grade  WDF)  insulation,  and  a  quartz  envelope 
The  induction  heated  system  is  capable  of  2500°C  under  a  vacuum  of  <  1  mm 
of  Hg.  The  oressure  capability  is  determined  by  the  strength  of  the  die 
(4000  to  6000  Ib/itr). 


Figure  17.  Hot  Press  Assembly 
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The  mixed  boride  rods  were  prepared  by  porcelain  ball  milling  each  sample 
16  hours  and  vacuum  (<  1  torr)  hot  pressing  for  0.  5  hours  at  1800°C  and 
2000  lb/ in2.  Table  10  lists  the  composition  and  density  of  each  sample.  The 
compositions  prepared  included  the  pure  diborides  (ZrB2  and  HfB2)  as  well 
as  mixtures  of  the  diborides  with  one  of  the  hexaborides  from  the  group  CaB$, 
LaB6,  YB6,  and  CeBg  in  amounts  of  about  20  mole  percent.  The  density  of 
the  mixed  boride  rods,  as  determined  from  the  buoyancy  of  the  sample 
immersed  in  water,  was  in  most  cases  quite  high;  in  fact,  it  exceeded  in  some 
areas  the  theoretical  density  based  on  the  simple  rule  of  mixtures  indicating 
either  some  phase  change  or,  possibly,  hexaboride  loss  during  hot  pressing. 


TABLE  10 


COMPOSITION  AND  DENSITY  OF  MIXED  BORIDE  RODS  {-/4-INCH  DIAMETER 
TIMES  ~  1-INCH  LONG)  HOT  PRESSED  FOR  0.  5  HOURS  AT  1800°C 


Sample  No. 

Diboride 

Hexaboride 

Density 

%ofTheo.  Density 

65-18 

ZrB2 

none 

4.  85 

78 

58 

ZrB2 

CaB6  (10.  5  m/o) 

5.47 

100 

56 

ZrB2 

CaB6  (15,  5  m/o) 

5.25 

100 

59-2 

ZrB2 

CeBg  (22.  5  m/o) 

5.50 

100 

67-31 

ZrB2 

LaBg  (22.  5  m/o) 

5.04 

100 

61-12 

ZrB2 

YBa  (20  m/o) 

5.20 

99** 

90** 

83 

HfB2 

none 

10.  11 

75 

HfB2 

none 

8.56 

76 

78 

H£B2 

CeB6  (22.  5  m/ o) 

8.05 

95 

72 

HfB2 

LaBg  (22.  5  m/o) 

6.93 

100 

76 

HfB2 

YB6  (20  m/o) 

8.48 

100 

x 

T 

J.J.  Based  on 

rule  of  mixtures 

Hot  pressed  at  2030°C 

(3)  Thermal  Expansion  Measurements 

A  high  temperature  dilatometer  (Figure  18)  was  constructed  for  the 
thermal  expansion  measurements.  It  consists  of  a  1-inch  O.  D.  x  Vg-inch  I.  D. 
graphite  tube  (closed  on  the  bottom),  a  Y2-inch  O.  D.  graphite  plunger  rod, 
and  a  mechanical  gauge  accurate  to  1  x  10-4  inches.  The  tube  containing 
the  sample  is  joined  to  the  gauge  by  means  of  a  water-cooled  joint;  the 
plunger  is  placed  on  the  sample  so  that  any  movement  of  the  sample  will 
cause  a  deflection  in  the  gauge.  The  induction  furnace  used  to  heat  the 
dilatometer  consists  of  a  2-inch  I.  D.  x  8-inch  long  graphite  susceptor  con¬ 
tained  in  an  argon-flushed  quartz  envelope  and  insulated  with  (Grade  WDF) 
inch  graphite  felt.  The  system  is  heated  by  means  of  a  6  KW  AJAX- 
Northrup  sparkgap-type  converter,  and  the  temperature  is  monitored  optically 
with  a  Leeds  and  Nortnrup  optical  pyrometer. 
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Figure  18.  High  Temperature  Dilatometer 


The  dilatometer  measures  the  difference  in  the  thermal  expansion  of 
the.  sample  and  of  the  sample -containing  tube,  which  was  constructed  from 
Union  Carbide  Corporation's  Grade  AGW  graphite.  The  apparatus  was 
calibrated  against  molybdenum, (^)  tungsten,  U9)  and  quartz,  (19)  all  of  which 
have  well  known  thermal  expansion  coefficients.  The  calibration  data  shown 
in  Figure  19  agree  well  with  the  with-grair.  thermal  expansion  curve  of 
Grade  AGW  graphite  as  determined  by  an  alternate  technique. 


o  QUARTZ 
A  MOLYBDENUM 
O  TUNGSTEN 
*  AGW  GRAPHITE 


f*T*T 


TEMPERATURE  X 


Figure  19.  Calibration  Correction  for  AGW  Graphite  Diiatometer  Calibrated 
With  Tungsten,  Molybdenum,  and  Quartz 


c.  Results  and  Discussion 


—  -  - *  w-  ,  w  /  *  — '  "C.  — ♦  ^  w  ~  —  or  — " — 6 * 

mole  percent  LaB6,  ZrR2-20  mole  percent  YB$,  HfB2  of  76  percent  density, 
HfBz-22.  5  mole  percent  CeB6,  HfB2-22.  5  mole  percent  LaBt,  and  HfB2-20 
mole  percent  YB6. 

The  thermal  expansion  data  on  all  of  these  materials  are  summarized 
ir  Table  1 1. 
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TABLE  11 


THERMAL  EXPANSION  OF  BORIDE  COMPOSITES 


Material 

Density 

Exnansion  in/in/*C  x  ' 
0-1000*C  10Q0-1400°C 

106 

1400-1800°C 

ZrB2 

* 

(7.  1) 

(8.  2) 

(8.  2) 

ZrB2 

78% 

6.8 

8.2 

8.7 

ZrB2  +  CeBj 

-100% 

6.7 

8.  5 

9.5 

ZrB2  +  LaB* 

- 100% 

7.5 

9.2 

11.2 

ZrB2  +  YB6 

- 100% 

6.  1 

8.  7 

8.5 

HfB2 

* 

(6.8) 

(8.  0) 

(8.0) 

HfB2 

76% 

6.6 

8.2 

9.  7 

Excerimental 

Graphite 

6.0 

9.2 

9.5 

HfB2  +  CeB$ 

~  95% 

7.2 

9.5 

9.5 

HfB2  +  LaB6 

~  100% 

7.3 

9,5 

10.  2 

HfBz  +  TB6 

-100% 

5.6 

7.8 

7.  8 

0  Calculated  from  single  crystal  data  for  a  completely 

dense  poly  crystalline 

material  based  on  the  work  of  Houska,  Keihn,  and  Keplin  of  the  Union 

Carbide  Research  Institute  '1,z' 

The  thermal  expansion  of  ZrB2  is  shown  in  Figure  20.  The  points 
represent  our  data  on  78  percent  deuse  material  and  the  circles  show  the 
results  of  Houska  and  Keplin'13'  on  single  crystal  ZrB2  (averaged  over  the 
two  a  and  one  c  direction).  The  excellent  agreement  in  the  thermal  expan¬ 
sion  of  single  crystal  and  78  percent  dense  pelycrystalline  zirconium  diboride 
suggests  that,  at  least  for  this  material,  the  thermal  expansion  is  indepen¬ 
dent  of  porosity. 
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20.  Thermal  Expansion  of  78  Percent  Dense  ZrB 


Figure  21  is  a  photomicrograph  of  the  78  percent  dense  ZrB2  sample. 


Figure  21.  Photomicrograph  of  78  Percent  Dense  ZrB2  (500  X  Magnification) 


The  thermal  expansions  of  the  three  zirconium  diboride  composites 
(ZrB2-CeB6,  ZrB2-LaB6  ,  ZrB2-YB6)  are  shown  in  Figures  22,  23,  and  24. 
The  borides,  with  the  possible  exception  of  the  ZrB2-LaB6  composite,  have 
thermal  expansion  characteristics  very  similar  to  those  of  the  graphite 
shown  in  Figure  16. 


1601 


Figure  23.  Thermal  Expansion  of  ZrBjj-LaBj  Composite 
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Figure  24.  Thermal  Expansion  of  ZrB2-YB$  Composite 


Metallographic  examination  of  the  ZrB2  composites  (Figures  25  through 
28),  before  and  after  the  thermal  expansion  measurements,  showed  that  the 
thermal  cycling  caused  a  change  in  only  one  sample,  the  ZrB2-YB$,  Heating 
(in  this  case,  two  cycles  from  room  temperature  to  2100°C)  caused  grain 
growth  and  further  development  of  the  matrix  phase  as  shown  in  Figures  25 
and  26.  Debye -Sherer  powder  patterns  before  and  after  thermal  cycling 
showed  no  difference;  both  samples  contained  ZrB2>  YB6,  and  YB*.  During 
the  work  on  ZrB2-YB4,  some  reaction  occurred  at  the  interface  between 
boride  and  graphite  at  temperatures  above  lSOC’C.  An  X-ray  pattern  of  the 
reaction  products  was  obtained  but  the  products  could  not  be  identified. 

Since  this  reaction  caused  the  boride  rods  to  bond  strongly  to  the  graphite 
plunger,  it  may  prove  helpful  in  providing  better  coating  adherence. 

Photomicrographs  of  the  remaining  samples  are  shown  in  Figures  27  and 
28.  They  represent  the  high  density  samples  of  ZrB2-CeB^  and  ZrB2-LaB6, 
respectively.  In  both  cases,  the  dark  particles  are  in  the  hexaboride. 


Figure  25.  Photomicrograph  of  ZrB2-  Figure  26.  Photomicrograph  of  ZrB2- 
YB6  Composite  as  Hot  YB^  Composite  After  Ther- 

Pressed  (500  X  Magnification)  mal  Cycling  (500  X  Magni¬ 

fication) 


46 


Figure  27.  Photomicrograph  of  ZrB2-  Figure  28.  Photomicrograph  of  ZrB2- 
CeB6  Composite  (500  X  LaB^  Composite  (500  X 

Magnification)  Magnification) 
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30.  Thermal  Ezpaoti.  t  of  HfBj-CeB*  Comporite 


Figure  32.  Thermal  Expansion  of  Composite 


2.  THERMAL  SHOCK  TESTS 

A  qualitative  method  for  evaluating  the  effect  of  thermal  cycling  on  coating 
adherence  is  to  subject  samples  to  thermal  shock  tests;  samples  of  ATJ 
graphite  vapor  coated  with  HfC  and  ZrC  wer*  evaluated  in  this  maimer. 

The i  mal  shock  tests  were  accomplished  by  plunging  cold  samples  into  an 
argon-flushed  furnace  at  2000* C,  holding  in  the  furnace  for  10  minutes,  and 
then  moving  the  samples  into  an  argon-flushed  cooling  chamber.  It  took  one 
minute  for  the  samples  to  reach  1900*C  and  an  additional  1.  5  minutes  to 
reach  2D0C*C;  they  cooled  below  red  heat  in  1.25  minutes. 

Since  the  coefficient  of  thermal  expansion  of  ATJ  graphite,  shown  in 
Figure  33^5'  ,  is  lower  than  that  of  the  carbides,  the  samples  craaed  on 
cooling;  however,  the  coating  showed  no  sign  of  spalling.  It  has  previously 
been  demonstratet/^that  graphite  cam  be  tailored  to  high  CTE  materials  and 
made  sufficiently  isotropic  to  be  perfectly  compatible  with  the  coating 
materials. 
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Figure  33.  Thermal  Expansion  of  ATJ  Graphite 


The  1  cm  *  2  cm  samples  were  subjected  to  three  shock  cycles. 
Figures  34  through  37  -show  clearly  that  no  coating-substrate  separation 
occurred;  however,  some  additional  crazing  occurred  in  the  ZrC  sample. 


As  a  result  of  information  obtained  from  the  thermal  expansion  studiesc 
one  can  conclude  that  the  borideo  and  the  carbides  should  not  present 
serious  mechanical  compatibility  problems  \  hen  used  with  suitable  graphite 
at  temperatures  to  2000* C. 


3.  VAPOR  DEPOSITION  OF  Zt&z  ON  GRAPHITE 


The  technique  of  vapor  deposition  ha*  been  proven  to  be  a  very  satisfactory 
method  for  applying  pore -free,  well-defined  adherent  coatings.  Therefore, 
a  review  of  volatile  zirconium  compounds  containing  boron  was  made;  the 
tetraborohydri.de,  Zr(BH*)4,  was  found  to  exhibit  a  vapor  tension  of  15.  1  mm 
Hg  at  25*  C.  Since  a  study  of  its  the*' msl  decomposition  had  not  been 

reported,  the  compound  warranted  further  investigation  as  a  possible  precur¬ 
sor  for  zirconium  diboride  coatings. 

These  investigations  of  the  thermal  decomposition  of  Zr(BH«)«  demonstrated 
that  the  major  product  was  ZrB^  and  experimental  work  was  extended  by 
coating  several  grades  of  graphite  with  ZrB*  by  the  thermal  decomposition 
of  ZrfBHd*. 

a.  Experimental 

Zirconium  tetraborohydride,  Zr(BH*)«,  was  synthesised  by  mixing  a 
four-mole  excess  of  lithium  borohydride,  L-iBH*.  with  zirconium  tetrachloride. 
ZrCh,,  in  a  glass  bulb  in  a  dry  nitrogen  atmosphere.  Small  nickel  balls  were 
used  to  aid  mixing  in  the  absence  of  a  solvent.  After  an  induction  period  of 
fifteen  to  twenty  minutes,  the  reaction  proceeded  with  the  liberation  of 
considerable  heat.  The  reaction  product,  zirconium  tetraborohydride, 

Zr(BH*)4,  melted  and  the  entire  contents  of  the  flask  formed  large  cakes. 

The  glass  reaction  chamber  was  transferred  to  a  vacuum  system  and  frac¬ 
tional  crystallization  through  traps  maintained  0* ,  -22*,  and  -196*C  was 
effected.  Pure  zirconium  tetraborohydride  was  retained  in  the  -22*C  trap; 
it  exhibited  15.  1  mm  Hg  vapor  tension  at  25* G  and  had  a  melting  point  of 
30*  C. 

Zirconium  tetraborohydride  was  condensed  into  a  Pyrex  container  of 
known  weight;  the  tube  was  then  reweighed  so  that  the  quantity  of  zirconium 
tetraborohydride  used  in  each  experiment  was  known  to  within  0.  0002  gms. 

In  a  typical  experiment  the  weighed  sample  was  attached  through  a  break- 
off  seal  to  a  quartz  pyrolysis  chamber  and  the  entire  system  was  evacuated 
to  10"6  torr.  The  pyrolysis  chamber  was  brought  to  a  predetermined 
temperature  by  means  of  a  platinum  wound  tube  furnace. 

The  temperature  was  controlled  with  a  Variac  and  monitored  with  a 
thermocouple  suitable  for  the  working  range. 

The  sample  tube  of  zirconium  tetraborohydride  was  cooled  to  0*C  in  an 
ice  bath  to  maintain  a  constant  vapor  pressure  and  thus  rate  of  flow  to  the  hot  zone. 
The  break-off  was  broken  and  the  reaction  products  collected  in  traps  main¬ 
tained  at  -78° C  and  -196*C.  The  hydrogen  formed  was  continually  compressed 
into  a  known  volume  by  means  of  an  automatic  Toepler  pump.  When  the  run  was 
completed,  the  amount  of  hydrogen  was  determined,  passed  over  copper  oxide 
at  450* C,  and  the  resulting  water  trapped  and  subsequently  expanded  as  a 
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check  on  the  parity  of  the  hydrogen.  The  quartz  tube  was  cooled  and  reweighed. 
The  decomposed  material  was  then  scraped  from  the  quartz  tube,  mixed  with 
SP-1  graphite  powder,  and  heated  to  2000*  C  for  one  hour  in  vacuo  to  effect 
crystallization  for  X  -ray  examination. 

The  graphite  substrates  to  be  coated  were  heated  by  means  of  a  30  KW 
Thermionic  generator  coupled  to  a  water-cooled  copper  flux  concentrator, 
which  was  an  integral  part  of  a  vacuum  system.  The  graphite  was  degassed 
at  2000* C  at  10'*  mm  Hg  pressure  for  one  to  two  hours.  The  sample 
temperature  was  lowered  to  1100*C,  and  zirconium  tetraborohydride  vapor 
was  passed  over  the  hot  graphite,  in  a  typical  experiment,  0.  4777  g  of 
zirconium  tetraborohydride  (3. 18  mmoles)  deposited  0.  160  g  of  zirconium 
diboride  (1.  06  mmoles)  on  a  graphite  substrate  at  1100*C.  The  sample 
was  then  heated  to  1950* C,  held  for  one  hour,  and  then  cooled  to  room 
temperature  by  de-energizing  the  power  supply. 

The  adherent  coatings  were  subjected  to  thermal  cycle  tests  in  vacuo, 
heating  from  below  red  heat  to  2G00*C  in  three  minutes,  and  then  cooling  to 
below  red  heat  in  two  minutes. 

b.  Results  and  Discussion 

The  results  of  the  various  runs  made  on  the  thermal  decomposition  of 
zirconium  tetraborohydride  are  presented  in  Table  12.  At  the  lower  decompo¬ 
sition  temperature  (<600*C),  zirconium  metal  and  boron  were  the  major 
products  of  the  reaction.  However,  as  the  decomposition  temperature  was 
raised  above  600*  C,  zirconium  diboride  was  the  major  reaction  product.  The 
equations  for  these  reactions  at  low  and  high  temperatures  may  be  written 
as  follows: 


Zr(BH*)4  <4WC  8H2  +  Zr  +4B 


and 


Zr{BH*)4 


>60g*C 


8H2  +  ZrB  +  2E. 


TABLE  12 


ANALYSIS  ON  THE  THERMAL  DECOMPOSITION  OF  ZIRCONIUM  TETRA  BORO  HYDRIDE 
*«i*b«  of  1ft.  of  Pr«b(U 


Grams 

rnnclu 

ZrlBHJ, 

Etmrbftmeftt 

zmff  rttvr<,  *C 

mmoiei 

H. 

Ratio 

H,/ZrJBH*>« 

in  Oman*  Tub* 

OraoM 

CMC 

0.  *02 

Outi>  Tot* 

400 

4  .  ST 

7.4 

0.  242 

I. *17 

Osjrti  T«W 

400 

12  M 

•  0 

0.  Hi 

0. 

3.0*0 

Quarts  Tube 

440 

24.  It 

7.S 

0.  «so 

0.  AM 

!  Mi 

Ottarla  Tufcc 

soc 

14.4* 

0.0 

0.274 

C.  lit 

I.  :n 

OwrU  Tobc 

$00 

*.  e« 

0.  1 

0.  177 

0.  IS* 

I.0S1 

Ourli  Take 

*00 

HI 

0.  1 

0  ISI 

0.  1T7 

i.  m 

Ou.  Ii  Tala 

*00 

to.  7$ 

1.2 

0  >06 

0.  217 

1.44* 

Quarts  Tutor 

000 

ii.  Ti 

0.  1 

0  2  JO 

When  graphite  cloth  was  inserted  into  the  quartz  tube  and  zirconium 
tetraborohydride  allowed  to  decompose  thermally  at  800* C,  the  ratio  of  Hj 
to  ZrfBHsk  dropped  to  approximately  7.  5  to  7.  7,  indicating  either  that  some 
of  the  hydrogen  was  being  consumed  by  the  carbon  or  that  another  mechanism 
of  decomposition  was  occurring.  A  white  solid  was  also  found  in  the  -196*C 
trap,  and  its  infra-red  spectrum  indicated  boron-hydrogen  bonding  with  no 
carbon-hydrogen  bonding.  A  molecular  weight  determination  gave  a  value  of 
“'30.  This  product  very  probably  is  diborane,  B2H4.  The  stoichiometry  is 
tentatively  summarized  by: 

Zr(BH4  )4  —  ZrB2  +  B2H6  +  5HZ 
with  partial  decomposition  of  the  B2H6  to  B  +  H2. 


The  zirconium  diboride  coatings  formed  on  Grades  ATJ  and  ZTA  graphite 
were  found  to  have  poor  adherence  and  large  macrocracks  over  the  entire 
surface.  The  coating  was  easily  removed  with  a  sharp-edged  knife.  However, 
v/hen  an  isotropic  high  coefficient  of  thermal  expansion  grade  of  graphite 
was  used  as  the  substrate,  a  dense  adherent  coating  resulted.  Figure  38 
illustrates  this  point  well.  The  right  side  of  the  figure  demonstrates  the  poor 
adherence  of  a  ZrBa  coating  on  ZTA  graphite;  the  left  side  of  the  figure 
demonstrates  the  excellent  adherence  of  a  ZrB2  on  the  isotropic  high  CTE 
graphite.  Figure  39  is  a  photomicrograph  of  the  zirconium  diboride  coating 
(one  mil  thick)  after  thermal  cycling  to  2000° C  several  times.  The  coating 
remains  dense  and  adherent,  indicative  of  good  bond  formation  between  the 
boride  and  graphite. 
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ZrBj  on  High  CTE  Graphite 


b)  ZrB2  on  ZTA  Graphite 


Figure  38.  Vapor  Deposited  ZrBz  Coatings  on  Graphites 


V1H,  CARBON  DIFFUSION  THROUGH  ZIRCONIUM  MONOCARBIDE  AND 

ZIRCONIUM  DIBORIDE 


TASK  D- 1 

I.  C  RBON  DIFFUSION  THROUGH  ZIRCONIUM  MONOCARBIDE 
a.  Introduction 


There  are  a  wide  variety  of  methods,  both  direct, -as  in  tracer  studies, 
and  indirect,  such  as  in  the  measurement  of  phase  boundary  motion  during 
diffusion -controlled  layer  growth,  available  for  the  study  of  diffusion  coeffi¬ 
cients.  These  techniques  are  well  established  and  are  described  in  the 
literature.  In  this  investigation,  the  method  of  isotopic  exchange  between  an 
initial  plane  source  and  a  semi -infinite  body  was  selected,  in  the  absence  of 
?  macroscopic  chemical  gradient,  if  th».  diffusing  isotjpe  is  initially  present 
in  concentration  C  (0,  0)  on  a  plane  surface  at  the  end  of  a  semi-infinite 
specimen,  then  the  concentration  in  a  parallel  plane  at  a  distance,  x,  from 
the  original  interface,  after  a  suitable  annealing  time,  t,  will  be: 


C*'x,  t) 


_  C*  (0,  0) 

"  (ir  D*t)^2 


exp  (- 


(1) 


¥ 

where  D  is  the  tracer  diffusion  coefficient  and  i|  related  to  the  self  diffusion 
coefficient  by  the  appropriate  correlation  factor.  '2i'  Although  ZrC  shows  a 
wide  variation  m  composition,  (22»23)  the  absence  of  a  macroscopic  chemical 
gradient  and  the  boundary  conditions  which  satisfy  Eq.  1  can  be  achieved  by 
utilizing  carbon- 12  saturated  semi-infinite  specimens  and  a  thin  plane  source 
of  carbon- 14.  For  specimens  which  are  lower  in  carbon  content,  other 
geometries  such  a.  n  nair  of  butt -welded  semi-infinite  specimens  identical 
in  composition,  except  for  the  concentration  of  tracer  in  eacl  half  of  the 
couple,  must  be  used.  Furthermore,  in  order  to  satisfy  Eq.  1,  the  thickness 
of  the  isotope  layer,  h,  must  be  small  relative  to  the  penetration  depth.  A 
good  approximation  for  this  requirement  is  that:.  'M) 

h<0.  1  (D*t)1/z  (2) 


and  this  condition  can  be  controller!  by  experiment, 
b.  Experimental 

(1)  Materials  and  Equipment 

Both  single  crystal  and  polycrystalline  samples  were  used.  The  fally 
dense  specimens  were  provided  by  the  Union  Carbide  Research  Institr  ' ^  and 
were  grown  by  an  arc  fusion  technique.  The  polycrystalline  specimet 
(approximately  Vz-inch  D  x  6  inches  long)  was  composed  of  long  colurr  \3 / 
grains,  about  0.  2  mm  x  0.  2  mm  x  3  mm  (Figures  40  and  41). 
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Figure  4  2.  Macrophotograph  of  the  Same  Specimen  Shown  in  Fig.  40.  The 
Plane  of  the  Figure  is  Normal  to  the  Specimen  Axis.  Most  of  the 
Grains  are  Eouiaxeo 
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The  long  axes  of  the  columnar  grains  were  generally  parallel  to  the  specimen 
axis  and  the  number  of  grains  per  amt  area  remained  nearly  constant  through* 
oat  the  length  o*  the  specimen.  There  appeared  to  be  .."tall  amount  of  free 
carbon  {Figure  42)  present  which  remained  even  after  prolonged  high  tempera¬ 
ture  annealing  {2  hours  at  2650*C).  Chemical  analysis  showed  49.  1  atomic 
percent  carbon,  nearly  that  of  carbon  saturated  ZrC 


Figure  42.  Photomicrograph  of  Poly  crystalline  ZrC  Showing  a  Small 
Amount  of  Graphite  in  the  Form  of  Flakes 


The  single  crystal  was  ~3/$-incn  D  x  8  inches  long;  the  long  axis  of  the 
crystal  was  about  16.  5*  from  the  <  110>  and  20.  5*  from  the  <  11 1>  poles.  Laue 
back-reflection  ©holographs  (Figure  43)  showed  some  substructure  and,  in 
fact,  at  times  some  chemically  polished  specimens  showed  a  low  angle  tilt 
(less  than  1*) boundary  running  through  the  crystal.  Other  sections  were  free 
of  boundaries.  Chemically,  the  specimen  was  similar  to  the  polycrystalline 
sample  and  contained  48.  8  atomic  percent  carbon. 
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Figure  43.  Laue  Back-Reflection  Photograph  of  the  Single  Crystal  ZrC 
Specimen  Used  in  This  Study 

The  specimens  were  sectioned  using  a  "Micro-Matic"  precision  wafering 
machine.  The  best  results  were  obtained  using  a  240  grit,  10G  concentration 
diamond  vheel  at  a  surface  speed  of  4,  000  fpm.  Downfeed  was  less  than 
0.005  inch  per  cut  and  cross  feed  was  kept  to  less  than  0.2-inch/minute, 
Grinding  was  done  on  the  same  unit  using  resin-bonded  wheels  with  surface 
speeds  of  4,000  fpm.  The  specimens  were  coarse  ground  with  a  400  grit 
wheel  and  finished  ground  with  an  800s  grit  wheel.  The  finished  surfaces 
were  comparable  to  those  obtained  by  usual  metaliogr&phic  preparation. 

Annealing  was  done  in  a  tantalum  tube  resistor  furnace  and  under  a 
vacuum  of  10~s  to  10"*  mm  Hg.  The  time-to-terr.perature  was  less  than  one 
minute  and  cooling,  under  vacuum,  from  temperature  to  llOCUC  was  about 
two  mi.iutes.  Temperature  control  was  within  *  lO'C  at  ZZGQ’C  and  about 
±2*C  at  1200*C.  Control  was  indirect,  using  a  calibrated  radiation  pyrometer. 
However,  the  temperature  was  continuously  monitored  with  a  W-5  percent 
Re/W-26  percent  Re  thermocouple  which  was  placed  in  close  proximity  to 
the  specimen  surface. 
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The  specimen  activity  was  measured  with  a  iow-level,  low -background 
proportional  counting  system.  The  unit  was  eq-npped  vritk  an  ultra  thin 
window  which  allowed  transmittance  efficiencies  of  up  to  35  percent  for  CM. 
Background  was  less  than  0.  5  counts  per  minute. 


(2)  Experimental  Methods 

Cylindrical  slabs,  about  0.  2  cm  thick,  were  cut  and  the  end  faces  ground 
parallel  to  ±  1  x  10~*  inches  using  a  400  grit  re  sin -bonded  diamond  wheel.  In 
the  case  of  the  polycrystalline  specimen,  the  end  faces  were  normal  to  tb« 
columnar  grain  while  for  the  single  crystal  the  end  faces  were  cut  parallel  to 
the  (110)  plane.  The  sectioned  specimens  were  then  chemically  polished 
using  a  solution  of  2  parts  HF,  8  parts  HNOj  and  15  parts  HjO  to  remove  most 
of  the  disturbed  surfaces.  No  annealing  was  attempted.  C*4  was  deposited 
on  the  surfaces  by  means  of  the  pyrriytic  decomposition  of  radiomethane 
at  1O0O*C.  Induction  heating  was  employed  and  the  elapsed  time -at- tempera¬ 
ture  was  of  the  order  of  two  mi  nut/  s.  The  radiomethane  source  was  of  two 
specific  activities,  2mC/mM  and  iOmC/mM.  The  activity  to  be  used  depended 
on  the  intended  annealing  time  a»*d  temperature.  The  usual  procedure  was  to 
evacuate  a  quartz  tube  containing  the  specimen  to  less  than  JO"5  mm  Hs,  beat 
the  specimen  to  ICOO'C  and  introduce  CMH<  to  a  pressure  of  about  50  mm  Hg. 
Decomposition  was  instantaneous  and  the  surfaces  appeared  as  bright  and 
shiny  as  when  introduced  into  the  chamber.  The  radioactive  carbon  was 
removed  from  all  surfaces  but  one  end  face  by  grinding.  In  order  to  assure 
the  presence  of  carbon  of  unit  activity  at  all  times  during  the  vacuum  anneal, 
the  specimen  was  placed  in  a  graphite  crucible  and  packed  with  pure  pyrolytic 
graphite  powder. 

After  the  appropriate  anneal,  0.  030  inch  was  removed  from  all  surfaces, 
except  the  original  hot  face,  to  eliminate  edge  effects.  The  specimen  was 
serially  sectioned  and  the  activity  of  each  succeeding  end  face  (looking  into 
the  low  activity  side  of  the  penetration  profile)  was  determined.  No  correc¬ 
tion  was  made  for  the  contribution  of  the  layers  beneath  the  surface  but  it 
has  been  estimated'25'  that  the  ignoring  of  this  effect  leads  to  values  of  D 
which  are  too  low  by  less  than  10  percent. 

Sectioning  was  done  both  mechanically  and  chemically.  Mechanical 
sectioning  was  accomplished  by  abraiding  with  an  800s  grit  diamond  wheel. 
Less  than  2  x  10’4  inches  were  usually  removed  at  one  time.  The  amount 
removed  war  measured  using  a  Starrett  gauge  which  had  divisions  of  10"4 
inches.  Chemical  sectioning  was  done  using  the  chemical  polish  described 
earlier.  It  was  found  that  uniform  layer  removal  and  minimization  of  spurious 
edge  effects  could  be  accomplished  best  by  simply  puting  several  drops  of 
solution  on  the  face  to  be  etched  and  relying  on  surface  tension  to  prevent 
spillage  onto  tne  sides  of  the  specimen.  Masking  of  the  specimen  with  wax 
or  using  a  variety  of  specimen  holders  made  of  teflon  were  not  nearly  as 
effective.  Uniformity  and  amount  of  attack  could  be  visually  seen  since  the 


etchant  also  stained  Che  surface.  This  stain  was  removed  with  either  hot 
concentrated  Ht&0«  or  by  washing  with  methyl  alcohol.  The  latter  was 
preferable  and  the  nsnal  procedure  was  to  etch,  rinse  with  distilled  water, 
wash  with  reagent  grade  methyl  alcohol  and  dry  with  a  jet  of  dry  air.  As  will 
he  seen  later,  the  agreement  of  the  results  between  the  mechanical  and 
chemical  sectioning  techniques  was  well  within  the  limits  of  experimental 
error. 


(3)  Penetration  Cot  .es 


According  to  Eq.  1.  the  plot  of  In  activity  versus  the  square  of  the 
penetration  distance  should  be  linear  with  the  slope: 


d  In  A  (x,  t) 
dx* 


(3) 


for  bulk  diffusion.  In  practice,  several  distinct  regions  of  linearity  as  well 
as  a  curved  "tail"  may  be  observed.  These  regions  are  usually  described 

as  near -surface,  volume  diffusion,  and  short-circuiting.  1**1  What  is  observed 
depend#  strongly  upon  the  experimental  conditions  of  time,  temperature,  and 
method  of  sectioning.  For  the  case  of  short -circuiting  by  grain  boundaries, 
the  Fisher  analysis  t2*'  shows  that  a  plot  of  In  A(x,  t)  varies  as  the  first  power 
of  distance  with  the  slope: 


d  In  A(x,  t) 
dx 


(2) 


% 


(uDjV^fiD^/DjV* 


(4) 


where: 


=  the  tracer  lattice  or  volume  diffusion  coefficient 
=  the  tracer  boundary  diffusion  coefficient 
=  the  boundary  width . 


The  assumptions  of  this  model  and  the  appropirate  corrections  by  Whipple,  ^ 
Levine  and  MacCallum  are  well  known  and  will  not  be  delved  into  here. 
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A  number  of  typical  concentration  profiles  are  shown  in  Figures  44  through 
48.  The  scale  factors  refer  to  the  abscissa  only.  These  figures  serve  to 
illustrate  the  various  regions  usually  observed.  Under  some  conditions,  the 
profiles  for  the  single  crystal  and  polycrystalline  specimens  are  very  much 
alike  and  in  other  instances,  vastly  different.  Presumably,  this  variation 
is  due  to  substructure  or  the  lack  of  it.  The  in-deep  region  which  is  thought 
to  be  present  because  of  short-circuiting,  W  is  not  always  linear  but  often 
exhibits  marked  curvature.  This  region  was  observed  in  some  single  crystals 
but  not  in  others.  The  near -surface  region  was  observed  only  when  chemical 
sectioning  was  employed.  In  addition,  chemical  sectioning  revealed,  in  the 
case  of  the  single  crystals,  the  presence  of  a  region  intermediate  between  the 
near -surface  and  volume  diffusion  zones. 


Figure  44.  Potions  of  the  Concentration  Profiles  for  Single  Crystal  (A)  and 
Pc: -'crystalline  (o)  ZrC.  Mechanically  Sectioned 
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Figure  45.  Portion*  of  the  Concenlrative  Profile*  for  Polycrystalline  ZrC. 
Mechanically  Sectioned 
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Figure  46.  Portion*  of  the  Concentration  Profiles  for  Single  Crystal  (&)  and 
Polycrystalline  (o)  ZrC.  Mechanically  Sectioned 
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Figure  47.  Portion  of  the  Concentration  Profiles  for  Two  Polycrystalline  ZrC 
Specimens.  The  Closed  Circles  (•)  Refer  to  Mechanical  Sectioning 
and  the  Open  Circles  (o)  to  Chemical  Sectioning 
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Figure  48.  Portions  of  the  Concentration  Profiles  for  Single  Crystal  (A)  and 
Polvcrystalline  (o)  ZrC.  Chemically  Sectioned 
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Is  those  instances  when  the  in-deep  region  of  the  poly  crystalline  specimens 
was  foui-d  to  be  carved  or  when  the  entire  plot  of  the  activity  versos  penetra¬ 
tion  distance  squared  showed  nonlinearity,  the  data  was  replotted  as  the  first 
power  of  the  penetration  distance  and  found  to  be  linear.  Typical  examples 
are  shown  in  Figure  49.  The  data  obtained  from  such  plots  was  too  limited  to 

permit  the  separation  of  D  *  from  D,  ,  however. 

a  1 


Figure  49.  Portions  of  the  Concentration  Profiles  for  Polycrystalline  ZrC. 

The  Log  of  the  Activity  is  Plotted  as  the  First  Power  of  Penetra¬ 
tion  Distance.  The  Upper  Curve  was  Determined  by  Chemical 
Sectioning  and  the  Lower  Curve  by  Mechanical  Sectioning 


c.  Analysis  of  Re  stilts 


Using  Eq.  3,  diffusion  coefficients  were  calculated  for  all  linear  portions 
of  the  penetration  curves.  These  coefficients  can  ’  e  represented  by  two 
equations: 


D 


* 


1,  32  x  102  exp  (  - 


113,200  , 

Ht — } 


(5) 


1.6 


,  90,000, 
exp  ( - jgf~> 


(6) 
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tad  these  are  taken  to  repreaeot  volume  diffusion  sad  short-circuit  enhanced 
volume  diffusion,  respectively. 

The  detailed  physical  reasons  neither  for  the  near-surface  effect,  common 
to  both  single  and  polycrystals,  nor  for  tike  intermediate  region  found  for  the 
single  crystals  only,  were  established  bjr  this  study.  That  these  regions  are 
rtptothdtie  by  experiment  was  verified,  however,  and  at  1635* C,  the  near- 
surface  diffusion  coefficient  is  only  an  order  of  magnitude  smaller  than  that 
observed  in  the  bulk. 

All  of  the  data  are  shown  in  Arrhenius  form  in  Figure  50.  Here  we  have 
assumed  a  mechanism  of  substitutional  diffusion  and  arbitrarily  multiplied  the 
tracer  lattice  diffusion  coefficient  (Eq.  5)  by  the  Bardeen-Herring  correlation 
factor  of  fu.  For  interstitial  or  sub- boundary  mechanisms,  the  tracer  diffusion 


Figure  50.  Diffusion  Coefficients  as  a  Function  of  Reciprocal  Temperature. 
A  Single  Crystal,  Mechanically  Sectioned;  A  Single  Crystal 
Chemically  Sectioned;  o  Polycrystal  Mechanically  Sectioned;  • 
Polycrystal  Chemically  Sectioned.  V  Polycrystalline,  V  Single 
Crystal,  Diffusivity  Calculated  From  the  In-Deep  Region  Using 
Eq.  1.  ■  Calculated  From  the  Creep  Data  of  Keihn  and  Boohns 
(Ref.  32)  Using  Eq.  7 
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d.  Comparison  With  Indirect  Meth-nis 


(32) 

Keihn  and  Boons  have  measured  the  hig'.i  temperature  creep  rate  of  a 
fully  dense  poly  crystalline  specimen  of  ZrC.  Using  the  methods  of  Dorn,  (w 
they  calculate  an  activation  energy  for  c»  eep  of  111  kcal.  The  single  speci¬ 
men  used  by  these  investigators  and  that  used  in  this  work  were  from  the  same 
source  and  virtually  identical  in  composition  and  grain  size. 


in  some  instances,  high  temperature  creep  can  be  characterized  by 

the  so-ca.led  Nabarro-Herring  l37*5*)  diffusional  viccosity.  The  diffusion 
coefficient.  calculated  from  creep  experiments,  usually  assuming  equal  quasi - 
spherical  grains  with  relaxed  boundaries,  agree  quite  well  with  tracer 
measurements.  In  our  case,  since  the  length -to -diameter  ratio  of  the  grain 
is  greater  than  10,  comparison  will  be  made  using  the  Herring'3*)  expression 
relating  the  equivalent  viscosity,  n  ,  of  a  filament  with  "bamboo -like"  structure 
to  the  diffusivity: 


RL  KT 
"  ~  3l"  Dfi 


(7) 


In  the  above  expression,  O  is  the  molar  volume,  2R,  the  grain  diameter,  L 
the  grain  length  and  B  takes  the  asymptotic  value  of  12.  37  for  L  »R.  For 
a  compound  AQB^,  Eq.  7  will  contain  the  factor,  0,  on  the  right  hand  side. 

The  Q  term  is  to  be  interpreted  as  the  molar  volume  of  the  molecular  unit  and 
D  is  the  molecular  diffusion  coefficient;35)  For  a  =  p  =  1,  the  molecular 
diffusion  coefficient  is  usually  taken  as  that  of  the  lowest  moving  species. 

Using  the  suggestion  by  Farnsworth  and  Coble  ^  that  the  viscosity 
coefficient  for  viscous  flow  in  terms  of  a  tensile  stress,  <r  ,  and  tensile  strain 
rate,  t  ,  be  taken  as  r)  ,  we  calculate  a  diffusion  coefficient  for  creep: 

D'  ~  0.91  x  102  exp  (- (8) 

which  agrees  with  Eq.  5  by  a  factor  of  less  than  1.  5.  Herring  estimates 
that  the  diffusivity  calculated  from  Eq.  7  for  boundaries  which  are  normal  to 
the  tensile  axis,  may  be  smaller  by  a  factor  of  2-3  than  for  the  real  case  in 
which  the  boundaries  are  irregular. 

U sc  of  a  quasi -spherical  grain  model,  on  the  other  hand,  leads  to  values 
of  D'  smaller  by  a  factor  of  10  than  that  given  by  Eq.  8.  In  reality,  a  value 
intermediate  between  the  extreme  limiting  cases  of  quasi -spherical  and 
"bamboo-like"  grains  might  be  expected.  It  would  appear,  then,  that  high 
temperature  creep  in  dense  polycrystalline  ZrC  occurs  by  a  diffusion 
mechanism  and  that  the  rate  is  controlled  by  the  flux  of  carbon  atoms. 

(39) 

In  contrast  to  these  results,  Leipold  and  Nielson  measured  creep  in 
ZrC  which  contained  appreciable  quantities  of  free  carbon  along  the  grain 
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boundaries.  These  inertifUori  report  u  activation  energy  for  creep  of 
abomt  260  fecal  above  2!5C*C  and  75  fccal  below  that  temperature.  They 
suggest,  oa  the  basis  of  comparison  of  activation  energies,  that  at  high 
temperatures  the  process  is  one  primarily  of  deforming  the  free  ca:  oa n  at 
tbe  grain  boeedarie*  pad  an  unknown  process  at  the  lower  temperatures. 
Coble'**’  and  Rwoff  *41'  have  suggested  a  modification  of  the  Habarro- Herring 
mechanism  to  accoot  for  grain  boundary,  rather  thin  volume,  diffusion  con¬ 
trolled  creep.  Unfortunately,  tbe  details  of  tbe  Leipold  -  huelson  work  are  toe 
sketchy  {viz.  m  ertainty  of  grain  slaw, porosity,  etc)  to  allow  a  fair  test  of 
this  model  except  perhaps  to  state  tkt  the  low  temperature  activation  energy 
which  they  calculate  is  in  fair  agreement  with  that  observed  for  tbe  grain 
boundary  diffusion  of  carbon  in  ZrC. 

Blocker,  et  al. .  ^  have  measured  the  rate  of  carbonaation  of  ATJ 
graphite  tabes  heated  in  a  ZrX*  atmosphere.  They  show  that  between  1700*C 
and  2100  *C,  tbe  formation  of  ZrC  can  be  expressed  as: 

1.  74  exp  <-  )  (9) 

where  w  is  the  width  of  the  carbide  layer  formed  ic  time,  t  .  It  is  easy  to 
show  that  the  steady-state  solution  for  a  hellers  cylinder,  where  diffusion  is 
everywhere  radial,  reduces  to  that  for  diffusion  through  a  plane  sheet  provided 
the  thickness  of  the  layer  is  small.  Furthermore,  Vansant  and  Phelps*43' 
have  shown  that  for  the  diffusion  of  carbon  in  TiC,  the  simplification  of  a 
quasi-steady  state  assumption  leads  to  practically  the  same  result  as  the 
Wagner*4*' equation  for  difi\.sional  phase  formation.  That  Blocber,  et  al. , 
found  parabolic  layer  gr'  r/rh,  indicates  that  a  quasi- steady  state  solution  for 
a  plane  sheet  can  be  ase^  as  an  approximation.  From  Eq.  9,  and  using  the 
carbon  solubility  iinv*s  given  by  Vil'k,  et  al. ,  '“'and  Farr,'23' the  apparent 
diffusivity  of  carbon,  assuming  that  layer  growth  is  due  to  a  surplus  of  carbon 
atoms  only,  in  zircouium  carbide  is: 

D ’*  z  2.  4  exp  (-  )  cml/sec  (10) 

Adelsberg,  et  al, ,  ^  have  measured  carbide  layer  growth  during  the 
reaction  of  ZTA  graphite  with  liquid  zirconium  above  2C00‘C  and  report  an 
apparent  diffusivity  of: 

„  _  ,  78,  700,  2 , 

0.95  exp  { - — )  cm  / sec. 

Comparison  of  the  apparent  activation  energies  for  carbide  formation 
with  Eq.  6  indicates  that  the  carburization  process  is  considerably  enhanced 
by  the  diffusion  of  carbon  along  grain  boundaries.  Although  it  may  well  be 
fortuitous,  Eq.  10 agrees  remarkably  well  with  the  diffusion  coefficients  cal¬ 
culated  for  tbe  in-deep  linear  portion  of  the  penetration  curves,  Eq.  6,  even 
ignoring  possible  correlation  effects. 
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2.  CARBON  DIFFUSION  THROUGH  ZIRCONIU1  <  DIBORIDE 


The  materials  proctc rement  problem  proved  to  be  more  acute  in  the  case  of 
ZrB*  than  it  vu  for  ZrC.  A  wide  variety  of  diboride  specimens  were  obtained 
from  a  somber  of  sources.  Most  of  these  either  contained  microcracks  or  were 
too  small  to  be  of  use,  and  were  not  farther  evaluated.  The  reoctiade?  of  the 
specimens,  regardless  of  the  source  or  method  of  fabrication,  contained  an 
included  second  phase.  This  phase  remained  after  prolonged  high  temperature 
annealing.  Polishes  sections  and  Lane  back-reflection  photographs  of  a 
variety  of  these  samples  are  shown  in  Figures  51  through  59.  This  second 
phase  was  not  identified  but  the  lamellar  structure  suggests  ZrBu  or  free 
boron.  Tjyach,  et  al. ,  have  observed  idmens tatten  pi  ecipitate?  in  single 
crystal  TiBj  and  have  concluded,  on  the  basis  of  electron  diffraction  patterns 
cf  some  of  the  extracted  particles,  that  the  included  see  nd  phase  which  they 
observed  was  non  stoichiometric  TiB*,  NonstoicMom  .-trie  compounds  are  also 
found  in  Zr,  Hf,  and  Th  oxides.  This  may  be  true  ir  our  case  also.  Using 
methods  similar  to  that  described  by  Lynch,  et  al. ,  work  was  initiated  to 
extract  some  of  the  second  phase  observed  in  ZrB*  out  was  not  completed  before 
the  expiration  date  of  this  program. 

Using  the  geometry  and  experimental  conditions  devised  in  the  study  of 
carbon  diffusion  in  ZrC,  diffusion  anneals  were  made  with  two  polycrystalline 
ZrBj  specimens.  One  anneal  was  conducted  at  1840*C  for  5  hours  and  the 
second  at  1860"C  for  2  hours.  In  both  cases,  the  surface  activity  dropped 
from  about  30,  000  cp=n  to  less  than  10  cpm  upon  annealing.  The  activity  of 
end-faces  of  the  serially-sectioned  (chemical  sectioning  was  employee) 
specimens  remained  at  this  level  -  no  concentration  profiles  were  obfcuned. 

The  physical  reasons  for  this  are  not  immediately  obvions  bat  one  possibility 
is  that  the  diffusion  of  carbon  through  ZrB*  is  rapid  -  perhaps  several  orders 
of  magnitude  larger  than  that  cf  carbon  through  ZrC.  This  is  mere  specula¬ 
tion,  however. 
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Figure  51.  Photomicrograph  of  Single  Crystal  ZrB2  Showing  Lamellae 
of  ZrBu  or  B 


Figure  52.  Photomicrograph  of  a  Bicrystal  or  ZrB2  Showing  Lamellae 
of  ZrB2  or  B 
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Figure  54.  Photomicrograph  of  a  ZrC?  Specimen  Showing  What  Appears 
to  be  Free  Boron  in  a  S.rgle  Crystal  Matrix  of  ZrB2  (150  X 
Magnification) 
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Figure  55. 


Photomicrograph  of  the  Same  ZrBz  Specimen  as  Shown  in 
Figure  54,  but  Showing  the  Small  Amount  of  Crystallinity 
Which  Exists  (150  X  Magnification) 
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Figure  56.  Photomicrograph  of  the  Same  ZrB2  Specimen  but  at  High 
Magnification  Illustrating  Not  Only  the  Presence  of  a  Free 
Second  Phase  but  Also  of  Some  Other  Perturbation  in  the 
Matrix.  That  This  Perturbation  Is  Real  Can  Be  Seen  by 
Close  Examination  of  the  Laue  Spots  (Figure  57)  Which 
Show  a  "Spotty"  Texture  or  Nonuniform  Blackening 
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Figure  57.  Laue  Back -Reflection  Photograph  of  Single  Crystal  ZrB2.  The 
Axis  of  the  Crystal  Is  Nearly  Parallel  to  the  (00.  1)  Pole.  The 
Area  Corresponds  to  That  Shown  in  Figure  54 


Figure  58.  Laue  Back-Reflection  Photograph  of  the  Same  ZrBg  Specimen 
But  the  Area  Exposed  to  the  X-ray  Beam  Is  That  Shown  In 
Figure  5.  Note  the  Multiplicity  of  Spots  and  Apparent  Lack 
of  Hexagonal  Symmetry  Which  Is  Readily  Apparent  in  Figure  57 


Figure  59.  Photomicrograph  of  a  Polycrystalline  Specimen  of  Zr&z 
Which  Has  Been  Heat-Treated  at  2130°  For  Two  Hours 
in  an  Attempt  to  Anneal  Out  the  Included  Second  Phase. 
The  Annealing  Appears  to  be  Unsuccessful.  The  Structure 
Prior  to  Annealing  Is  Shown  in  Figure  53 
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IX.  STUDIES  ON  MULTILAYER  COATINGS 
TASK  E-3 

1.  OXYGEN  PERMEABILITY  THROUGH  ZIRCOWA  AND  THl.  RIA  COATED 
WITH  ZIRCONIUM  DIBORIDE 

a.  Introduction 


It  was  determined  previously  that  the  permeabilities  of  thoria,  yttria- 
stah&ised  sirconia,  and  calda  - stabilised  sirconia  are  low  enough  to  permit 
their  use  as  oxygen  harriers  in  a  coating  system.  fc»2'  The  object  of  this  work 
was  to  determine  whether  the  presence  of  a  ZrB*  coating  influences  the 
permeabiHty  of  sirconia  or  thoria  to  oxygen.  Such  an  influence  was,  in  fact, 
established. 


b.  Materials  Characterisation 

The  calda  and  yttria  -  stabilised  sirconia  tubes  were  identical  with  those 
used  and  characterised  previously.  '*»  *)  The  thoria  tubes  were  obtained  from 
the  Zirconium  Corporation  of  America  and  were  similar  to  thoae  used 
previously  in  the  program.  *'  The  density  of  the  thoria,  as  determined  from 
its  buoyancy  in  water,  was  8.  80  g/cc,  corresponding  to  a  porosity  of  approxi¬ 
mately  12  percent.  The  material  contained  few  impurities,  as  shown  by  the 
semiqu&ntitative  spectroscopic  analysis  given  in  Table  1 3. 

TABLE  13 


SEMIQUAN TIT ATIYE  SPECTROSCOPIC  ANALYSIS  OF  THORIA 


Element 

Percent 

Th 

major 

Si 

~  0.  I 

Mg 

0.  01  to  0.  1 

A1 

0.  01  to  0.  1 

Fe 

-  0.01 

Cu 

-  0.01 
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The  zirconium  diboride  used  for  coating,  obtained  commercially,  (U.  S. 
Borax  Research)  bad  the  following  analysis:  Zr:  ?9.  3%;  B:  18.  33%;  C:  0.  65%; 
1SI:  0.  25%;  and  O:  0.  67%.  The  theoretical  percentages  are:  Zr:  80.  8%;  B: 
19.2%. 


c.  Experimental  Procedure 

The  experimental  procedure  was  identical  with  that  described  in  Section  V 
for  oxygen  permeation  through  alumina.  Briefly,  oxygen  was  admitted  on  the 
inside  of  the  tube  and  the  quantity  of  oxygen  permeating  through  the  tube  walls 
was  determined  using  the  ion-gage  or  the  omegatron  mass  spectrometer.  The 
oxygen  reservoir  connected  to  the  inside  of  he  tube  was  fitted  with  a  mano¬ 
meter;  oxygen  consumption  due  to  permeaticu  and/or  chemical  reaction  could 
therefore  be  calculated  from  the  pressure  drop  and  the  known  volume  of  the 
system.  A  thoria -coated  iridium  susceptor  was  used  for  heating  the  tuber. 
Permeability  measure  ents  first  were  made  on  uncoated  zirconia  or  thoria 
tubes;  the  tubes  were  then  coated  and  the  measurements  repeated.  The  coatings 
were  applied  by  dipping  the  tubes  in  a  slurry  of  ZrB2  powder  in  xylene  with 
subsequent  drying  and  sintering  in  vacuum  or  argon  to  1600* - 1 800*C.  An 
alternate  coating  method  consisted  of  vapor -depositing  ZrB2  via  the  decomposi¬ 
tion  of  ZrfBHjU  at  600"' C  in  vacuum  (see  Section  VII).  The  vapor -deposited 
coating  thus  consisted  of  a  mixture  of  ZrBj  and  boron. 

d.  Results 

(1)  Calcia -Stabilized  Zirconia 

When  the  ZrBz  coatings  were  sintered,  the  calcia -stabilized  zirconia 
tubes  all  became  embrittled  and  either  shattered  from  thermal  shock  or 
developed  leaks.  The  X-ray  diffraction  patterns  showed  that  the  originally 
cubic  (calcia-stabilized)  zirconia  had  been  destabilized  and  had  reverted  to 
the  monoclinic  form.  Subsequently,  it  was  found  that  ZrB2  does  indeed  react 
with  CaO  at  elevated  temperatures.  A  sample  of  an  equimolar  powder  mixture 
of  CaO  (Fisher  reagent  grade)  and  ZrB2  (contained  in  a  ZrB2  crucible)  was  held 
at  ~  1800°C  for  0.  5  hours  under  0.  5  atmospheres  pf  He.  A  Debye -Sherer 
powder  pattern  showed  ZrB2  and  Ca2B2C^  as  identifiable  constituents  of  the 
reaction  product. 

(2)  Yttria -Stabilized  Zirconia 

The  yttria -stabilized  zirconia  tubes  did  not  shatter  and  remained 
impervious  to  argon.  However,  coating  with  ZrB2  caused  a  color  change  of 
the  oxide  from  white -yellow  to  black,  indicating  that  a  change  in  the  stoichio¬ 
metry  had  occurred.  Simple  heating  in  vacuo  in  the  absence  of  ZrB2  did  not 
change  the  color  of  the  tubes.  When  oxygen  permeability  measurements  were 
attempted  at  1430° C,  an  initially  rapid  oxygen  absorption  occurred  (see 
Figure  60).  During  the  first  two  hours,  no  oxygen  penetrated  the  sample. 

The  quantity  of  oxygen  consumed  during  this  time  corresponded  to  the  amount  of 
oxygen  required  to  oxidize  completely  the  ZrB2  coating  to  Zr02  and  B2Os  (weight 
of  coating,  70  mg;  theoretical  oxygen  consumption,  49.  5  mg;  experimental, 

48  mg).  Based  on  permeability  measurements  on  the  same  tube  prior  to  the 
coating  application,  complete  oxidation  of  the  coating  should  have  required 
approximately  60  hours. 
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TIME  (MMUTES) 

Figure  60.  Oxygen  Consumption  Versus  Time  for  Y203  Stabilized  ZrOz 
Coated  With  ZrB* 

After  oxidation  of  the  coating,  tbe  permeability  of  the  tube  war  identical 
with  that  measured  before  the  coating  application  and  the  quantity  of  oxygen 
consumed  (determined  from  the  pressure  drop)  agreed  closely  with  the  per¬ 
meation  rate  as  determined  with  the  ion-gage. 

In  order  to  demonstrate  further  the  oxygen  deficiency  created  by  sintering 
ZrB2  on  Zr02,  a  yttria- stabilized  zirconia  tube  was  slurry  dip  coated  in  the 
manner  previously  described;  after  sample  was  sintered,  the  coating 
was  mechanically  removed  before  oxygen  diffusion  measurements  were  made. 
Again,  oxygen  was  initially  rapidly  consumed,  but  the  quantity  of  oxygen 
consumed  was  much  smaller;  and,  after  one  hour,  the  tube  was  completely 
rtoxidized  and  the  permeability  was  identical  with  that  of  uncoated  yttric  - 
stabilized  zirconia.  After  this  experiment,  the  color  of  the  material 
reverted  to  white -yellow.  The  coated  section  of  the  zirconia  tube  weighed 
7.  40  g;  oxygen  consumption  was  0,  0165  g.  If  one  ignores  the  presence  of 
Y2Os,  She  change  in  stoichiometry  of  zirconia  on  sintering  in  the  presence  of 
ZrB2  was  approximately  one  percent,  or,  ZrO z~*  ZrOs#  w  . 
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To  determine  if  the  oxygen  deficiency  of  zirconia  was  due  to  the  carbon 
impurity  in  ZrB^  two  yttria -stabilized  zirconia  tubes  were  vapor  coated 
with  carbon-free  ZrBj  by  decomposing  Zr(BH«)4.  Oxygen  permeability 
measurements  at  1430* C  were  then  performed  on  these  tubes.  Again,  oxygen 
was  initially  absorbed  very  rapidly,  and,  after  the  coating  was  completely 
oxidized,  diffusion  proceeded  as  in  uncoated  Zr02,  The  amount  of  oxygen 
consumed  corresponded  to  the  amount  calculated  to  oxidize  the  coating 
completely.  This  result  was  qualitatively  the  same  as  that  obtained  on  slurry 
dip  coated  tubes,  indicating  that  the  reduction  of  ZrOi  was  caused  not  by  the 
carbon  content  of  the  ZrBj  but,  rather,  by  the  ZrBj  itself. 

The  zirconia  used  for  these  investigations  contained  approximately  eight 
percent  Y2Os  as  a  stabilizer.  It  is  not  known  to  what  extent  {if  any)  yttria 
contributed  to  the  observed  results. 

(3)  Thoria  Coated  With  ZrB* 

Oxygen  permeability  measurements  on  ZrB2  coated  thoria  tubes  were 
carried  out  a i  1660*  and  1790*C.  The  coatings  were  sintered  for  three  hours 
in  vacuo  at  the  same  temperature  at  which  the  permeability  measurements 
were  to  be  MtauC  f  1*  Cm  f  at  1660* C  and  1790*C,  respectively. 

The  results  are  shown  in  Figures  61  and  62.  The  lower  (straight  line) 
curve  denotes  the  oxygen  consumption  determined  on  the  uncoated  tubes, 
which  was  equal  to  the  permeability.  The  oxygen  consumption  determined 
on  the  coated  tubes  was  initially  approximately  three  times  higher,  as  shown 
by  the  upper  curves  in  Figures  61  and  62.  For  several  hours  oxygen  did 
not  actually  permeate  the  samples.  The  time  interval  after  which  oxygen 
appeared  in  the  detection  system  is  also  indicated  in  Figures  61  and  62;  the 
quantity  of  oxygen  consumed  up  to  this  point  is  equal  to  the  amount  required 
for  oxidation  of  the  ZrB2  coating  to  Zr02  and  IHOj. 

After  approximately  six  hours  at  1660*C  or  three  hours  at  1790°C,  the 
permeability  of  the  coated  samples  became  identical  to  that  measured  pre¬ 
viously  on  the  uncoated  tubes,  as  evident  from  the  identical  slopes  of  the 
curves  in  Figures  61  and  62,  respectively.  At  this  point,  the  oxygen 
consumption  (determined  from  the  pressure  drop)  again  agreed  with  the 
permeability  determined  from  the  ion- gage  reading. 

In  analogy  to  the  observations  on  the  ZrOz-ZrB2  system,  ThOz  also 
turned  dark  gray  on  sintering  in  the  presence  of  ZrB2,  and  the  color  reverted 
to  white  daring  the  permeation  runs.  Efforts  to  determine  the  extent  of 
oxygen  deficiency  by  the  method  used  for  the  ZrB2-ZrOz  system  were  unsuc¬ 
cessful  because  the  ZrB2  coating  adhered  so  strongly  that  it  could  not  be 
mechanically  removed  without  damaging  the  thoria  tubes. 


TIME.t.  (MSMUTES) 


Figure  f  1,  Oxygen  Consumption  Versus  Time  for  Thoria  Coated  With  ZrB2  (A) 
and  for  Uncoated  Thoria  (B),  Runs  at  1660*C 
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Figure  62.  Oxygen  Consumption  Versus  Time  for  Thoria  Coated  with  ZrB2  (A) 
and  for  Uncoated  Thoria  (B),  Runs  at  1790°C 
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e.  Discussion  and  Conclusions 

The  time  required  to  oxidize  a  ZrB2  coating  on  Zr02  or  Th02  is  substantially 
shorter  than  the  time  calculated  from  oxygen  permeability  measurements  on 
the  uncoated  oxides.  The  oxygen  permeability  through  Th02  and  Zr02  is  there¬ 
fore  enhanced  by  the  presence  of  ZrB2. 

This  result  can  be  qualitatively  explained  on  the  basis  of  thermodynamic 
considerations.  The  free  energies  of  formation  per  mole  compound  at  1500*C 
for  ZrB2,  Zr02,  and  B2Q3  are  -68,  -183,  and  -204  kcal,  respectively.  There 
is,  therefore,  no  extensive  chemical  reaction  between  Zr02  and  ZrB2.  For 
the  hypothetical  reaction  3/2  ZrC2  +  ZrB2  -*■  5/2  Zr  +  B2Oj  the  free  energy 
change  AF=  4138  kcal  and  the  equilibrium  is  therefore  entirely  on  the  side  of 
Zr02  and  ZrBs.  However,  Zr02  and,  to  a  lesser  extent,  ThOz  exist  over  a 
fairly  wide  stoichiometry  range  and  become  oxygen  deficient  at  low  partial 
pressures  of  oxygen.  The  free  energy  change  for  the  reaction  2/3  B  +  (^  — 

2/3  B2G3  at  1500°C  is  -136  kcal  per  gram-mole  oxygen,  corresponding  to  an 
equilibrium  oxygen  pressure  in  tne  order  of  10"1*  atmospheres.  Similarly, 

AF  for  the  reaction  2/5  ZrB2  +02  •*  2/5  Zr02  4  2/5  B203  is  -127.6  kcal  per 
gram-mole  oxygen  at  1500* C,  corresponding  to  an  equilibrium  oxygen  pressure 
of  less  than  10 atmospheres.  Vacuum  sintering  of  Zr02  or  Th02  in  the 
presence  of  ZrB2  or  ZrB2  +  free  boron  should  therefore  cause  these  oxides  to 
become  oxygen  deficient,  and  this  was  indeed  observed. 

Since  it  is  known  that  oxygen  diffusion  in  Zr02  and  Th02  occurs  by  an  oxygen 
vacancy  mechanism,  the  presence  of  additional  vacancies  m  the  oxygen 
deficient  oxides  should  increase  the  oxygen  permeation  rate.  More  impor¬ 
tantly,  the  presence  of  an  oxygen  "sink"  (ZrB2)  increases  the  oxygen  vacancy 
gradient.  In  a  dynamic  system,  i.  e.  ,  after  oxygen  has  been  admitted  to  the 
inside  of  the  tubes,  the  thermodynamic  equilibrium  considerations  given 
above  are,  of  course,  no  longer  pplicable.  The  partial  pressure  of  oxygen 
on  the  low  pressure  side  (and  tnerefore  the  vacancy  gradient'  will  be  depen¬ 
dent  on  how  fast  oxygen  is  being  consumed  by  reaction  with  ZrB2.  This  is  a 
complicated  function  of  the  quantity,  density,  and  particle  size  of  ZrB2,  the 
rate  of  diffusion  of  oxygen  through  the  ZrOz  4  B203  layer  and  the  geometry  of 
the  system.  In  general,  as  ZrB2  is  oxidized,  the  oxygen  pressure  will 
increase  and  the  vacancy  concentration  gradient  and  the  permeation  rate  will 
decrease.  However,  as  long  as  unoxidized  ZrB2  remains,  the  permeation 
rate  will  be  enhanced.  Finally,  cne  would  expect  this  effect  to  be  larger  in 
Zr02  than  in  ThOz,  since  the  latter  oxide  is  more  stable  thermodynamically 
and  exhibits  smaller  variations  from  stoichiometry.  All  of  our  experimental 
observations  are  in  accordance  with  these  considerations. 

The  use  of  iridium  as  a  barrier  layer  should  have  negligible  effect  on 
the  permeability  of  the  oxides.  Although  accurate  thermodynamic  data 
are  not  available,  the  oxidation  resistance  of  iridium  suggests  that  the  free 
energies  of  formation  of  f  „  iridium  oxides  are  quite  small.  Iridium  should 
therefore  not  effect  the  stoichiometry  of  the  oxides.  This  is  again  in  accor¬ 
dance  with  our  observations,  since  Th02  coatings  on  an  iridium  susceptor 
remained  pure  white  on  vacuum  sintering. 
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The  foregoing  discussion  was  intended  to  show  that  caution  must  be 
exercised  in  using  the  available  oxygen  permeation  data.  However,  neither 
Hie  thermodynamic  calculations  nor  Hie  experimental  observations  should  be 
interpreted  as  automatically  eliminating  the  use  of  ZrBj  as  a  barrier  layer 
on  graphite.  As  was  already  pointed  out,  in  a  dynamic  system,  the  vacancy 
concentration  gradient  and,  therefore,  the  oxygen  permeation  rate  will 
depend  critically  on  how  fast  oxygen  is  removed  by  reaction  with  ZrB2.  Among 
other  factors,  this  is  dependent  on  Hie  composition  and  density  (available 
surface  area)  of  the  boride  as  well  as  on  the  composition  and  structure  of  the 
oxide  subscale  which  is  formed  on  oxidation.  Recently,  some  compositions 
of  ZrBj  and.  particularly,  of  HfBj  have  been  found  to  be  quite  oxidation 
resistant'*’  and  the  possible  use  of  compositions  of  this  type  ae  barrier 
layers  on  graphite  need  to  be  investigated. 
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APPENDIX  A 


OXIDATION  OF  IRIDIUM  -  GASEOUS  OXIDES  OF  IRIDIUM* 

J.  Li.  Margrave 
Department  of  Chemistry 
Rice  University 
Houston,  Texas 


A  number  of  investigators  have  demonstrated  *  ’  that  the  only  stable 
crystal  lattice  in  the  Ir-02  system  is  that  of  Ir02~x,  where  x  »  0  to  0.  5.  The 
oxygen  pressure  over  the  solid  is  one  atmosphere  at  *  I375*K. 

At  higher  temperatures  and  lower  oxygen  pressures,  the  existence  of 
several  gaseous  oxides  has  been  demonstrated.  In  the  range  1300*  -  1480"K 
and  oxygen  pressures  ranging  from  35-700  mm,  for  example,  the  trans¬ 
piration  studies  of  Schafer  and  HeitlandMand  of  Alcock  and  Hooper^5)  establish 
the  volatile  species  as  IrjjOj  (g)  with  a  standard  heat  of  formation  of  +3±3  kcal/ 
mole  but  with  x  undetermined.  Cordfnnke  and  Meyer'6)  studied  the  transpira¬ 
tion  of  IrxOv  (g)  over  the  temperature  range  1290° -1690*1*1  at  02  pressures 
from  157-762  mm  with  Ir  (s)  and  Ir02-x  (s);  (hey  reported  that  x  =  0.  976  and 
that  y  =  2.  990.  Thus,  they  concluded  Ir03  (g)  to  be  the  major  volatile  species 
and,  from  the  temperature  coefficient,  deduced  a  standard  heat  of  formation 
of  +4.  65  kcal/mole,  a  value  which  is  in  good  agreement  with  that  of  other 
workers.  However,  in  their  evaluation  of  the  x-valne  in  Ir^jOy,  Cordfnnke 
and  Meyer'6)  appear  to  have  ignored  the  variation  in  Ir02  (s)  stoichiometry  which 
they  had  established  by  their  own  dissociation  pressure  studies.  With  this 
variation,  one  must  increase  the  range  of  possible  x-valne  up  to  1.  15.  A  more 
recent  study'  '  appears  to  require  that  x  be  more  nearly  equal  to  1. 

The  next  definitive  study  of  gaseous  iridium  oxides  was  that  of  Norman, 
Staley,  and  Bell,  (8)  which  demonstrated  the  existence  of  Ir03  (g),  IrOz  (g),  and 
IrO  (g)  as  vapor  species  in  the  range  1830-2030#K  and  established  the  following 
thermodynamic  values: 

(1)  Ir  (s)  +  02  (g)  =  Ir02  (g)  AHjqqq'K  =  +48.  5  ±  0.  8  kcal/mole 

As  1900°k  =  +  3.  9  ±  2.  0  e.  u. 

(2)  Ir  (s)  +  3/2  02  (g)  =  Ir03  (g)  Ah1900  =  +  5  ±  1-5  kcal/mole 

AS  1900  =  -13.  1  +  2.  5  e.u. 


* 


Work  performed  under  subcontract  with  the  Carbon  Products  Division  of 
Union  Carbide  Corporrtion,  Parma,  Ohio,  sponsored  by  the  United  States 
Air  Force. 


At  2033 6 K,  the  equilibrium  pressure*  of  Oj,  IrOj,  and  IrOj  which^satisfy  the 
equilibrium  IrOj  (g)  +  %  02(g)  =  IrOj  (g)  were  found  to  be  4.  3  x  10  atm.  for 
O*  1.9  x  10  *tm.  for  IrO,,  and  3. 1  x  10’’  atm.  for  IrO*.  The  IrO(g) 
pressure  was  estimated  to  be  4  x  10*1°  atm.  at  this  temperature,  and  the 
mass  spectr ©metric  study  definitely  showed  IrO+  peaks  originating  from 
neutral  IrO  molecules. 

From  tiie  appearance  potential  data,  one  can  deduce  the  stability  of  IrO  (g) 
as  follows: 

<3)  IrO,  +  e  —  JrO+  +  0  +  2e  AP2=15.1ev 

(4)  IrO  4  e  — IrO4  +2e  AP,  =  10. 1  ev 

(3-4)  Ir02  —IrO  +  O  A(AP)  =  5. 1  ev 

Thus,  5.1  ev  =  U5  kcal/mole  =  AH*  (IrO)  4  AHf  (O)  -  AH,  (IrOj) 

AHf  (irO(g))  -  105  kcal/mole. 


From  these  heats  of  formation  and  the  heat  of  sublimation  of  iridinm,  one 
derives  an  average  Ir-O  bond  energy  of  110  ±  kcal/mole,  a  value  which  seems 
to  tit  all  three  gaseous  oxides. 


It  would  appear,  then,  that  at  high  temperatures  (~2000°K)  and  relatively 
low  oxygen  pressure  (~  10~4  atm. ),  Ir02  (g)  and  Ir03  (g)  are  the  major  vapor 
species  with  IrO(g),  because  of  the  highly  positive  heat  of  formation  (+105 
kcal/ mole)  of  IrO  (g),  which  increases  rapidly  and  becomes  predominant  at 
temperatures  of  ~  25GGSK.  At  lower  temperatures  (1300-1700°K)  and  high 
oxygen  pressures  (35-760  mm),  the  data  support  IrxOy,  where  y  is  almost 
certainly  3.  00  and  x  lies  in  the  range  0.  976  to  1. 15. 


Alcock  and  Hooper^  suggested  that  x  might  equal  two;  tentative  confirma¬ 
tion  of  this  possibility  in  terms  of  a  species  Ir2Os  (g)  was  provided  by  the  mass 
spectrometer  studies  of  Ehlert,  Kent,  Kuriakose,  and  Margrave.  '9'  At 
~  1173*k  and  1  atm.  02  pressure,  extensive  transfer  of  Ir  via  gaseous  oxides 
was  observed;  and,  with  a  leak  system  into  the  mass  spectrometer,  the 
species  Jr202+,  with  an  appearance  potential  of  ~14  ev,  was  observed.  An 
iodine  catalyst  was  necessary  to  produce  the  species,  but  no  oxyiodide  peaks 
were  observed.  The  Ir2Oz+  signal  increased  with  02-pressure  and  with 
temperature,  as  expected  from  the  estimated  properties  based  on  bond  energy 
considerations  and  either  the  structure 


V 


or 


\ 


Ir  =  Ir  =  O, 


resulting  in  AH°  [lr2Os(g)]  in  the  range  0-30  kcal/mole. 

£  70 


Norman^  reports  no  evidence  for  Ir2Ox  +  ions  with  20  ev  electrons  at 
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1373#K  and  10  atm,  02  pressure,  L  e*  *  PIr*Ox  4  <  10  '  atm. ,  and,  further, 

claims  that  P^,^  *  10' 16  atm.  at  1000*K.  Consider  fee  equilibrium  {5? 

Ir2Oj  (g)  +  %  Ch  <g)  =  2IrOj  (g)  at  1000*K,  and  let  =  1C"4  atm. ,  Pj^  =  10* 
atm.  and  P,  =  10-B  atm. 


atm.  and  P,  = 
IrzO, 

^  (6)  Kiooo 


io-a° 

(10-«)  ( !  0  “*}* 


*  10* 


From  the  available  heats  of  formation,  is  in  the  range  + 10  to  -20 

kcal/mole;  thus.  Keq  could  either  increase  broecrease,  but  not  very  fart. 

If  one  assumes  k  -  10“z,  AHj.  «  0,  and  Pq^  -  1  atm. , 


p*  _  =  io"2  p,  0  or  p7  ~  =  io- /prr 

IrO,  Xr2Oj  IrOj  v 


For  =  I®"4  »tm. ,  Pj^'10-4  V  *  Ir ,0,  . 

One  can  calculate  the  ratios  and  total  pressures  as  shown  in  Table  1. 


TABLE  1 

CALCULATED  Ir  O.,  PRESSURES 


IrOs 
(atm. ) 

io-# 

10“6 

10"* 

10~3 


Ir2Os  IrOs 


10*"4  atm. 


R  =Ir2Os/Ir2Os 


0  9 

0-’ 

10“3 

10"1 

0-7 

10 

0-* 

102 

0-* 

103 

0"4 

104 

9 


Ill  the  studies  of  Cordfunke  and  Meyer  .  was  calculated  to  be 

in  the  range  0, 8  to  1. 15  mm  (*  10"satm, )  for  oxyfen  pressures  near  one  atm. 

In  this  range,  according  to  the  Table  1.  there  would  be  *  10  percent  Ir*Oj. 

This  revolt  would  lead  to  a  gaseous  phase  of  composition  wlrj.jOj.i,  a  result 
which  is  in  agreement  with  their  reinterpreted  data.  Id  the  studies  of  Norman. 
Staley,  and  Bell,  tV5/  *  10'**  atm.  and  ^  10”u  atm.  at  1000*K 

**  is  species,  then  would  net  hare  been  detected  mass  spectrometrically.  he 
fact  that  IrjOj  {g>  is  not  an  important  species  at  higher  temperatures  is  evidence 
for  a  heat  of  formation  for  Ir*Oj  (g)  near  sero,  a  condition  which  is  in  contrast 
with  the  definitely  endothermic  IrOj,  IrOj,  and  IrC  species.  In  order  that 


<  10"*  at  2000*K, 


it  is  necessary  that  38  {  1  Q s  la  rea®onin?  implies 

that  AH_  =  +  18  keal/mole  and,  thus,  that  AH*j  f  IrjOj  (g)]  =  -8  ±10  kcal/mole. 


In  summary,  there  are  apparently  three  and  probably  four  gaseous  oxides 
of  iridium:  LrO,  JrjOj,  IrOj,  and  IrOj;  the  major  low  temperature  species 
apparently  is  IrOj,  and  IrOz  and  XrO  occur  at  a  temperature  significantly  above 
2000*K.  The  species  Xrj03{g)  is  apparently  formed  exothermally  and  is  usually 
a  minor  species;  however,  at  high  O*  pressures  and  temperatures  low  enough 
that  Keq  £  1,  it  is  possible  for  lrz03(g)  to  be  the  major  species. 
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APPENDIX  B 


MASS  SPECTROMETRIC  STUDIES  OF  THE  VAPORS  OVER  THE 
_ REFRACTORY  OXIDES  CaZrO,  AND  HfSiQ4 _ 

P.  Ficalora,  C,  H.  Williams,  K.  Zmbov  and  J.  L.  Margrave 
Department  of  Chemistry 
Rice  University 
Houston,  Texas 

< 

Among  the  possible  refractory  coatings  for  graphite  are  various  high 
melting  oxides,  both  binary  and  ternary.  Clearly,  their  use  will  be  limited 
either  by  the  production  of  stable,  volatile  species  or  by  the  attainment  of  a 
rapid  rate  of  reaction  with  the  graphite  layer  on  which  they  are  deposited. 
Since  unexpectedly  stable,  complex  molecular  species  have  recently  been 
reported  in  the  gases  over  refractory  molybdates,  tungstates,  stannates,  etc. 
this  work  on  CaZr03  and  HfSiC>4  was  undertaken  to  see  if  these  oxides,  too, 
volatilise  appreciably  in  the  form  of  ternary  molecular  species. 


EXPERIMENTAL 


The  Knudsen  cell  sampling  system  for  the  Bendix  time -of -flight  mass 
spectrometer  was  used  for  the  CaZr03  studies  to  temperatures  of  ~  1900° K, 
limited  by  the  LUCALOX  supports;  the  HfSi04  study  was  conducted  in  the  mag¬ 
netic  mass  spectrometer  up  to  ~2300®K,  with  the  Knudsen  cell  impaled  on 
W  support  rods.  Various  containers  were  tried  (Ta,  Zr02,  and  ThOz);  and 
since  the  least  reaction  was  observed  for  ThOz  containers,  they  were  used. 

With  a  Ta-cell,  Ca+/Ca  was  the  only  species  observed  over  CaZr03;  with 
Zr02  and  Th02,  both  CaO+/CaO  and  Ca+/Ca  were  observed  at  1325°  and  1500°C, 
respectively.  For  HfSiC>4  heated  in  a  ThOz  cell,  the  only  ions  observed  were 
SiO+,  Si02+,  and  Si2Oz+.  No  gaseous  species  containing  Zr  or  Hf  were  observed 
in  either  set  of  experiments. 

In  the  mass  spectrometric  experiments  with  CaZr03  in  a  ZrOz  or 
ThOz  linear,  shutterable  peaks  of  Mg+,  Ns+,  SiO+,  and  Si02+  were  seen  and 
attributed  to  the  ceramic  linears  in  addition  to  the  shutterable  peaks  for 
Ga+  and  CaO+.  The  CaO  s  peak  was  first  observed  at  ~  1326°C  and  was 
monitored  against  temperature  through  1550°C.  The  slope  of  log  IT 
versus  1/T,  the  ion  current  times  the  temperature,  versus  1/T  plot  was 
linear  and  gave  AHg  =  90  i  3  kcal/mole"1  whereas  AHg  for  pure  CaO  is  ~  139 


Work  performed  under  subcontract  with  the  Carbon  Products  Division  of 
Union  Carbide  Corporation,  Parma,  Ohio,  sponsored  by  the  Unites  States 
Air  Force. 
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kcal/ mole  ,  as  reported  by  Babeliowsky  !  Wben  the  sample  was  heated 
above  1550*C,  a  change  in  acitivity  of  CaO  was  indicated  by  curvature  in  the 
IT  versus  1/T  plot  toward  lower  slopes.  The  results  were  the  same  for 
either  Zr02  or  ThOz  liners. 

The  Ca+  signal  in  both  experiments  was  appreciable  by  the  time  the 
temperatvre  reached  1500*C  and  it  increased  rapidly  with  the  temperature, 
but  with  decreasing  activity  as  indicated.  The  log  IT  versus  1/T  plot  for  the 
Ca+  signal  yields  AH  =  53  ±  3  kcal/ mole"1  from  the  slope. 

Appearance  potentials  for  Ca+  and  CaO+  were  measured  using  02+  and 
Ag+  as  standards.  The  appearance  potential  of  CaO+  was  found  to  be  8,  7  e.  v. , 
whereas  that  of  Ca+  was  essentially  the  same  as  that  of  Ca-metal  atoms 
determined  from  optical  spectroscopy.  The  Ga+  signal  may,  therefore,  be 
from  Ca-metal  produced  by  reduction  of  CaO+  on  the  Ta  heat  shields.  The 
total  absence  of  the  CaO4  peak  when  a  Ta  Knudsen  cell  without  a  liner  is  used 
supports  this  viewpoint. 

As  HfSi04  was  heated  in  a  Th02  Knudsen  cell  at  temperatures  up  to  2300* K, 
the  only  ionic  species  due  to  molecules  effusing  from  the  cell  were  SiO+, 
Si0202+,  and  Si02+.  No  ions  containing  Hf  were  identified  in  the  mass  spec¬ 
trum  even  at  low  bombardment  voltages. 

The  ion  currents  for  SiO+  and  Si02+  were  recorded  over  the  temperature 
range  1600-2300°K,  and  plots  of  log  IT  versus  1/T  gave  straight  lines  from 
which  one  may  calculate  "heats  of  sublimation"  for  SiO,  and  SiOz  of  94  ±  3  and 
68  i  3  kcal/ mole ~l,  respectively.  The  heat  of  sublimation  for  forming  Si02  (g) 
from  cristobalite  was  reported  by  Porter,  Chupka,  and  Inghram'4'as  AH29a  = 
136  ±  8  kcal/mole-1  . 


DISCUSSION  OF  RESULTS 


In  evaluating  these  experiments,  one  must  first  consider  that  the  samples 
studied  were  not  ideal.  From  X-ray  diffraction,  for  example,  the  CaZr03- 
sample  was  shown  to  be  mainly  calcium  zirconate,  but  there  were  also  present 
significant  amounts  of  two  uncombined  oxides.  The  HfSiO^ts)  was  the  only 
phase  detected  in  the  HfSiO*  studied.  There  is  no  detailed  information  on  the 
stoichiometry  of  either  solid,  and,  since  both  Zr02  and  HfOz  show  homogeneity 
ranges  of  some  breadth,  it  is  appropriate  to  describe  the  samples  studied  as 
CaxZrOy,  where  x  ~  1  and  y*  3  and  as  HfSiuOy,  where  u  »  1  and  v  »  4. 

If  x  =  1  and  y  =  3,  exactly,  then  one  could  write  a  straightforward  equation 
for  the  high-temperature  decomposition: 

CaZr03  (solid)  ^  CaO  (gas)  +  Zr02  (solid); 
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this  equation  would  be  correctly  descriptive  unless  a  stable  CaZr03{g)  molecule 
exists  .  The  low  appearance  potential  of  CaO+  and  the  non-observation  of  any 
gaseous  species  containing  Zr  seem  to  eliminate  the  possibility  of  a  gaseous 
CaZr03  species  at  the  temperatures  and  pressures  of  this  study. 

For  the  exactly  stoichiometric  case,  assuming  that  CaZr03(s)  forms  from 
the  oxides  in  a  slightly  exothermic  process,  one  predicts  that  the  slope  of  a 
log  IT  versus  1/T  plot  for  CaO+  should  be  equal  to  or  greater  than  139  kcal/ 
mole"1,  i.  e. ,  the  energy  to  sublime  CaO  (g)  from  pure  CaO  (s). 

The  observations  are  clearly  in  disagreement  with  this  expectation,  since 
the  slope  of  the  plot  for  CaO+/CaZrO»  is  only  90  ±  3  kcal/mole-1.  This  result 
is  apparently  another  example  of  the  complex  behavior  of  transition  metal 
oxides  already  observed  in  studies  of  binary  systems  (Zr02,  TiO,  UxO  ,  etc.) 
discussed  recently  by  Kubaschewski'*'.  One  can  expect  large  deviations  from 
the  behavior  of  stoichiometric  solids. 

The  process  studied  is  more  appropriately  written 

Ca^ZrOy  (solid)  ^  bCaO(gas)  +  Ca^  ^ZrO^  ^(solid) 
or  (solid  I)  s*s  CaO  (gas)  +  (solid  II) 

and  AHj30q_1500.k  «  90  kcal/mole'1. 

Further  studies  of  CaZr03  samples  of  various  known  stoichiometries  are 
required  to  evaluate  these  data  in  detail  and  provide  a  complete  thermodynamic 
description  of  the  sublimation  process. 

A  similar  approach  is  required  for  the  HfSiO*  data.  In  this  case,  the 
temperature -dependence  of  the  Si02+  signal  from  HfSiO^s)  is  68+  10  kcal/ 
mole*  ’  less  than  the  Si02+  /Si02  heat  of  sublimation  reported.'4)  Thus, 

HfSiyOv  (solid)  =bSi02  (gas)  +  HfSiu_]jOv_2^  (solid); 

and  the  energy  of  the  volatilization  process  can  be  less  than  the  enthalpy  of 
sublimation  of  pure  Si02,  even  though  the  ternary  oxide  is  formed  exother¬ 
mically  in  oxygen  deficient  compounds.  The  SiO+  comes  from  the  equilibrium 

Si02  (gas)  SiO  (gas)  +  llz  Oz  or  O  (gas) 


which  has  a  high  positive  heat  but  also  a  high  positive  entropy  so  that  appre¬ 
ciable  dissociation  occurs  at  temperatures  of  2000°K  and  low  oxygen  pressures. 
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CONCLUSIONS 


Both  CaZrOj  and  HfSiO*  vaporise  appreciably  at  temperatures  of  1500* 
2300*K  by  evolution  of  gaseous  CaO  and  SiO,  SiOj,  respectively.  The  tempera¬ 
ture  dependences  suggest  that  these  gaseous  species  are  more  easily  evolved 
from  the  ternary  systems  than  from  the  respective  pure  binary  oxides.  This 
result  can  be  explained  if  the  ternary  oxides  have  wide  homogeneity  ranges, 
small  exothermic  to  fairly  endothermic  heats  of  formation  from  the  binary  oxide, 
and/or  positive  entropies  of  formation  from  the  binary  systems. 

No  ternary  gaseous  oxide  molecular  species  were  detected  in  this  study. 
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